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DISTRIBUTION OF EGG WHITE PROTEINS IN CHICKEN 
BLOOD SERUM AND EGG YOLK* 


By MARGARET E. MARSHALL anp H. F. DEUTSCH 


(From the Departments of Physiological Chemistry and Physical Chemistry, University 
of Wisconsin, Madison, Wisconsin) 


(Received for publication, May 29, 1950) 


The four proteins, ovalbumin, conalbumin, lysozyme, and ovomucoid, 
which comprise the major portion of the proteins of chicken egg white 
have now been isolated. Quantitative immunochemical investigations 
of these proteins (1-2) have led to the development of reagents and meth- 
ods suitable for the study of their distribution in the tissues of the chicken. 
Such a study has been carried out with egg yolk and embryo and adult 
chicken serum. In addition conalbumin was isolated from adult chicken 
serum, and its properties were compared with those of the analogous pro- 
tein of egg white. 


Materials and Methods 


Conalbumin from egg white was prepared by the procedure of Bain and 
Deutsch (3) and repeatedly reprecipitated at pH 7.4, u 0.005, and 25 
per cent ethanol to remove impurities which were detectable immunologi- 
cally in the first preparation studied (1). Rabbit antisera to this protein, 
ovalbumin crystallized six times, lysozyme crystallized seven times, and 
ovomucoid reprecipitated four times (4) were used. 

The quantitative precipitin reactions were carried out in the manner de- 
scribed by Cohn et al. (1). The supernatants to the specific precipitates 
were divided in half. One portion was tested for antibody excess by the 
addition of 3 to 6 y of antigen N and the other for antigen excess by the 
addition of 0.1 ml. of antiserum. 

The total nitrogen content of the antigens was determined on the precipi- 
tates obtained with 5 per cent trichloroacetic acid. ° 

Sedimentation analyses were carried out on 0.6 per cent protein solu- 
tions in 0.15 mM NaCl in the Svedberg oil turbine ultracentrifuge at 185,- 
000 X g.' 

The diffusion constant of the serum conalbumin was determined in 0.1 
M NaCl at 1° in an electrophoresis apparatus provided with a cylindrical 
lens, schlieren optical system. The rectangula® slit recommended by Ander- 


* This work was supported in part by a grant from the Wisconsin Alumni Re 
search Foundation. 


1The sedimentation experiments were carried out by Mr. FE. M. Hanson. 
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son and Alberty (5) wasused. The initial boundary was sharpened by the 
technique of Kahn and Polson (6). 

Chicken blood was obtained at a local abattoir. Embryo serum was ob- 
tained in a manner previously described (7). <A fraction of the yolk pro- 
teins suitable for immunological study was isolated as follows: Yolks, 
carefully separated from the white and washed with saline, were emulsified 
in twice their volume of water and the insoluble material was removed by 
centrifugation. The supernatant solution was adjusted to pH 7.0 to 7.2 
with 0.5 Mm NaHCOs, cooled to0°, and cold 50 per cent ethanol was added to 
a final concentration of 10 per cent (final temperature —3°). The yellow 
precipitate which formed was removed by centrifugation at 0° and dis- 
carded. The proteins in the supernatant were recovered by precipitation 
at pH 5.0 in 25 per cent ethanol at a temperature of —6°. The precipitate 
was suspended directly in the desired solvent in the cold and the ethanol 
removed by dialysis. This fraction represents approximately 15 per cent 
of the total yolk protein. 

The concentration of iron and the iron-binding capacity of chicken serum 
were determined by the method of Laurell (8). Measurements of the 
extinctions of the iron-phenanthroline complex were made at 510 my in a 
Coleman spectrophotometer, model 11. The iron-binding capacity was 
also determined by the procedure of Schade and Caroline (9), adapted 
for this purpose by Cartwright and Wintrobe (10). In this case, the light 
absorption of the iron-protein complex was measured in the Beckman 
spectrophotometer at 490 mu. These two methods give essentially the 
same average values for the iron-binding capacity of human serum. 


Results 


Standardized rabbit antisera to ovalbumin, conalbumin, ovomucoid, and 
lysozyme were treated with varying quantities of adult chicken serum, 
chick embryo serum, and the yolk protein fraction. No lysozyme or ovo- 
mucoid could be detected in these systems. Relatively large amounts of 
conalbumin were present; ovalbumin appeared only in traces. 

The results of the reaction of a rabbit antiovalbumin y-globulin prep- 
aration with ovalbumin, serum from 13 day-old chick embryos, and the 
yolk fraction are plotted in Fig. 1. In the case of the embryo blood serum 
and the yolk fraction, the values of the abscissa have been multiplied by 
0.0079 and 0.0020, respectively. The points for the reaction of these an- 
tigens, when plotted in this manner, coincide with the ovalbumin curve 
through the equivalence zone (10.2 to 12.7 7 of ovalbumin N) and allow 
one to calculate the percentage of ovalbumin in the system. Because the 
amount of ovalbumin in these sources is so small, it was not possible to study 
the precipitin reaction in the region of a large excess of antigen. The 
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amounts of ovalbumin in embryo blood serum, the yolk fraction, and 
in the serum of male chickens and laying and non-laying female chickens 
as determined by this immunological method are shown in Table I. 

The results of the reaction of rabbit anticonalbumin serum with conal- 
bumin, serum from 13 day-old chick embryos, and the yolk fraction are 
plotted in Fig. 2. The amounts of protein nitrogen from the latter two 
systems added to 0.5 ml. of antiserum have been multiplied by 0.082 
and 0.040, respectively. At the equivalence zone and in the region of 
antigen excess, the total amount of precipitate obtained varies consider- 
ably, depending upon the source of antigen. This result may be due to 
the presence of impurities in the conalbumin used for immunization. 


a 
VU 
= 50+ 2 0 
z 
S25 © 50 
= 
AGANTIGEN NITROGEN ADDED 
Fic. 1 Fic. 2 


Fig. 1. Quantitative precipitin reactions of rabbit antiovalbumin serum with 
ovalbumin (O), 13 day-old embryo serum (A), and yolk fraction (xX). 3 

Fig. 2. Quantitative precipitin reactions of rabbit anticonalbumin serum with 
conalbumin (O), 13 day-old embryo serum (A), and yolk fraction (xX). 


The concentration of conalbumin, determined immunologically in the anti- 
body excess zone, is shown in Table I. 

In order to obtain additional evidence for the similarity of the compo- 
nents assayed immunologically with the corresponding egg white proteins, 
samples of protein were pipetted from both limbs of the electrophoresis 
cell after the system in question had been sufficiently resolved. The 
electrophoresis patterns of adult serum and of the yolk protein fraction 
are shown in Fig. 3. From these data, it can be seen that the fractions 
which gave positive reactions with the ovalbumin and conalbumin an- 
tisera have approximately the same mobilities as these egg white proteins. 
The same is true for the blood serum of 13 day-old embryos for which 
electrophoretic patterns have been presented previously (7). Hektoen 
and Cole (11) had concluded that, at least immunologically, conalbumin 
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and chicken serum albumin are identical. Their serum albumin prepara- 
tion must not have been pure, since the serum albumin isolated electro- 
phoretically in this experiment did not react with anticonalbumin serum. 
Although the y-globulin fraction separated electrophoretically from chic- 
ken serum reacted with anticonalbumin serum, the y-globulin prepared by 


TABLE 


Quantitative Immunochemical Determinations of Chicken Ovalbumin and Conalbumin 
in Various Systems 


System assayed Ovalbumin Conalbumin 


mg. per cent | Pe? mg. per cent Pe 
13 day embryo serum................. 4.6 0.79 97 8.2 
Serum of laying hen.................. 7.6 | 170 
= “ non-laying hen............. 1.4 | 110 
Male chicken serum..................| 0.25 170 3.2 
| 0.20 | 4.0 
| 5.9 


Chicken egg white..................... | | 1. 


€ 
T +EA THAT 
A € LA yn 
THAT tCaT CA T T 
tA 
Fic. 3 Fia. 4 


Fic. 3. Electrophoretic patterns of (top section) adult chicken serum in verona! 
buffer, pH 8.6, uw 0.1, after 368 minutes at 3.3 volts cm.~!; (lower section) yolk frac- 
tion described in the text in veronal buffer, uw 0.1, after 410 minutes at 3.3 volts 
em.-!. The levels from which the samples were successively removed are desig- 
nated by arrows; the presence of conalbumin or ovalbumin is indicated by +CA 
or +EA. 

Fic. 4. A, descending electrophoretic pattern of the male chicken y-globulin 
fraction in veronal buffer, pH 8.6, » 0.1, after 180 minutes at 6.5 volts em.!. B, 
sedimentation diagram of the same protein fraction after 77 minutes at 185,000 
xX g. 


Nichol and Deutsch (12) from the serum of female chickens did not con- 
tain a component with the sedimentation constant of conalbumin (5829. 
= 5.4 8). When their fractionation scheme was repeated with serum 
from male chickens, however, a y-globulin preparation was obtained which 
on electrophoretic study gave evidence of two proteins and which on ultra- 
centrifugal analysis showed an 8%, = 5.6 S component that constituted 
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50 per cent of the fraction. By immunological assay, this material con- 
tained 29 per cent conalbumin. The sedimentation and electrophoretic 
diagrams of this fraction are shown in Fig. 4. The 8, = 8S component 
of the ultracentrifuge pattern represents the chicken y-globulin. 

It was not possible to concentrate the serum conalbumin to more than 
about 30 per cent of the total protein by modification of the procedure used 


DIAGRAM 1 


Preparation of Serum Conalbumin 


3 liters chicken serum; pH adjusted to 7.4 with 0.5 m HOAc; cooled to 
0°; 50% EtOH added to 30%; temperature —8°; centrifuged 


Ppt. suspended in ice water and lyo- Supernatant discarded 
philized 
Powder dissolved in 500 ml. water; sufficient (NH,)2SO, added to final 
concentration 1.6 m and final volume 2 liters; centrifuged 


Discarded ppt. Adjusted pH of supernatant to 5.0* 
with 0.15 m H.SO,; dialyzed in suffi- 
cient solid (NH,)2SO, to final con- 
centration 2.4 m; centrifuged 


Discarded ppt. Filtered supernant; adjusted pH to 6.8* 
with 2.5m NH,OH; dialyzed in suffici- 
ent solid (NH,).S0, to final concen- 
tration 3.1 M; centrifuged 


Suspended ppt. in water; dialyzed against run- Discarded supernatant 
ning tap water overnight with toluene added, 
then against distilled water; lyophilized 


* Diluted to 0.3 m (NH,)2SO, to measure the pH. 


by Nichol and Deutsch for the isolation of the chicken y-globulin. A 
combination of ethanol and ammonium sulfate fractionation gave a prep- 
aration containing 87 per cent conalbumin by immunological analysis, 
with a yield of 30 per cent. The scheme for the fractionation is shown in 
Diagram 1. The component in this preparation with the lowest mobility 
at pH 8.6 was separated electrophoretically in amounts sufficient for its 
characterization. It gave a single boundary in the ultracentrifuge with 
Sew = 5.3 S and showed only one component on electrophoresis from pH 
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5.1 to 6.3 and at pH 8.6. The isoelectric point of this protein, determined 
on two different preparations, in a buffer (0.1 ionic strength) containing 
0.02 m sodium cacodylate and 0.08 m NaCl is pH 5.7. Conalbumin under 
the same conditions has an isoelectric point at pH 6.1 (3). 

A single determination was made of the diffusion constant of the serum 
conalbumin. ‘The values when calculated by the method of moments and 
the height-area method are 7.1 and 6.0 & 10-7 cm.? sec.~', respectively. A 
higher value of Dy than of D, is an indication of molecular heterogeneity. 
It is possible, therefore, that the true value for the diffusion constant of 
this protein may be as low as 5.66 X 10-7, the diffusion constant reported 
for egg white conalbumin (3). This question cannot be decided until a 
more homogeneous preparation is available. From the sedimentation 


38 
q 


TOTAL NITROGEN PRECIPITATED 


WN 


44, 


Ag, ANT IGEN NITROGEN ADDED 


Fic. 5. Quantitative precipitin reactions of rabbit anticonalbumin serum with 
egg white conalbumin (©) and serum conalbumin (@). 


constant, the diffusion constants, and an assumed partial specific volume’ 
of 0.748 a molecular weight between 72,000 and 85,000 can be calculated. 
The molecular weight of the conalbumin from egg white, determined in 
a similar manner’ is 90,000. The significance of the difference between the 
molecular weights of the two proteins cannot be evaluated until the dif- 
fusion constant of the serum preparation is known more accurately. The 
differences in the physical properties might be due to modifications of the 
proteins resulting from the methods employed in their preparation. 


This electrophoretically isolated serum protein was allowed to react 
with the rabbit antiserum to egg white conalbumin. The curves plotted 


? The partial specific volume was assumed to be 0.748, since this gives a molec- 
ular weight for egg white conalbumin of 90,000, the value calculated from the iron- 
binding capacity. 

+The sedimentation constant of the reprecipitated conalbumin was found to be 
See = 5.3 8 rather than 5.4 8 (3). 
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from the data for the reactions of the conalbumins from both sources are 
shown in Fig. 5. In both cases, there was an equivalence zone in the neigh- 
borhood of 34 y of antigen N added to 0.5 ml. of antiserum. The dis- 
crepancy between the curve for egg white conalbumin and that for the 
serum protein can be interpreted to mean either that the serum protein 
still has 5 per cent impurity or that there actually is some slight difference 
between the two proteins. A second preparation of the serum conal- 
bumin, when allowed to react with the antiserum, gave points falling be- 
tween the two curves of Fig. 5, while another preparation of egg white 
conalbumin, which was demonstrated immunologically to be less pure than 
the first, gave points which coincided exactly with the curve for the serum 
protein through the point of maximum precipitation. It is probable, 
therefore, that the conalbumins from chicken serum and egg white are 
identical immunologically. Cross-reacting proteins, in general, give much 
lower amounts of specific precipitate than does the homologous antigen. 

Schade and Caroline (13) have shown that a factor in egg white, iden- 
tified as conalbumin by Alderton et al. (14), is capable of binding iron to 
form a colored complex. The mechanism of this iron binding is apparently 
the same as that by which the metal-binding protein of human serum com- 
bines with iron (15, 16). The latter protein has been shown to be probably 
exclusively responsible for the transport of iron in human serum (17). 
Since the concentration of the serum conalbumin in chicken serum is of 
the same order of magnitude as that of metal-binding 8-globulin of human 
serum, it was of interest to investigate whether serum conalbumin func- 
tions in the transport of iron in chicken serum. 

The iron-binding capacities of the egg white and serum conalbumin 
were determined by the method of Laurell (8) with the protein dissolved 
in a buffer containing 0.05 m H;BO; and 0.006 m NaHCOs, made up to pH 
8.1 with NaOH. Both proteins bound 7.6 y of Fe per mg. of N. This 
corresponds to 2 atoms of iron per molecule of protein on the basis of a 
molecular weight of 90,000 and a nitrogen conversion factor of 6.14 (3). 
The metal-binding protein of human serum also binds 2 atoms of iron per 
molecule of protein (18). The addition of conalbumin from either source 
to chicken serum increased the iron-binding capacity of the serum by the 
amount expected from the iron-binding capacity of the added protein (see 


Table II). The iron-binding capacity of chicken serum, determined by the 
method of Laurell, was then compared with that to be expected from the 


concentration of conalbumin determined immunologically. (The validity 
of the immunochemical method for determining conalbumin has been 
established by the analysis of mixtures of a known amount of pure serum 
conalbumin and of the iron-conalbumin complex with serum. The conal- 
bumin added can be recovered within the experimental error, which is 
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approximately 3 per cent.) It can be seen from Table II that in every 
case the iron-binding capacity is greater than that calculated from the 
concentration of conalbumin. This is true even in the embryo serum in 
which the concentration of conalbumin relative to the other serum proteins 
is from 2 to 3 times greater than in adult chicken serum. 


TABLE II 
Concentration of Serum Iron and Iron-Binding Capacity of Chicken Serum* 


 Tron-bindi 


present 
per cent y percent | per cent 
Pool 1 (adult, female) | 176 272 | 183 
“ 1 + egg white conalbumin (314 mg. per, 686 | 662t 
100 ml.) | | 
Chicken 1 + serum conalbumin (140 mg. per 602 | 600t 
100 ml.) | 
Pool 2 (mixed adult) | 263 352 | 295 
“ 3 (laying hens) 222 | 418 | 205 
“4 (males) : 166 | 267 202 
“5 (non-laying hens) | 284 | 137 
16 day embryo sf 156 | 88 
Embryo > 16 days 238 | 163 
Chicken 1 240 427 | 
340} 
2 308 
255 
- 2 + egg white conalbumin (82.8 mg. 360t 358t 
per 100 ml. serum) 
Chicken 3 274 
235} 156 
#: injected with 250 y Fe 205 273 
225} 147 
270} 149 


* Determined by the method of Laurell (8) (unless otherwise indicated). 

t+ Sum of the total iron-binding capacity of the serum plus that of the added 
conalbumin. 

t Determined by the method of Cartwright and Wintrobe (10). 


The method of Cartwright and Wintrobe for measuring the iron-binding 
capacity of human serum is difficult to apply to chicken serum because 
the latter tends to form a precipitate with the addition of increasing 
amounts of iron. One can, however, estimate approximately the satura- 
tion level of the serum for iron. It can be seen from Table II that this 
method gives lower values for the iron-binding capacity of chicken serum 
than does the method of Laurell, but that the total amount of iron bound 
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is still too great to be accounted for exclusively by the conalbumin present. 
If either egg white or serum conalbumin is added to the serum, the addi- 
tional iron bound can be accounted for on the basis of 2 atoms bound per 
molecule of conalbumin added. 

Two adult male chickens were injected with 250 and 450 y of iron (FeSO, 
in a solution of ascorbic acid), respectively. In both cases, the serum was 
saturated by the method of Cartwright and Wintrobe and the total serum 
iron was greater than the amount which could be bound by the conal- 
bumin present (see Table II). Even in vivo, therefore, conalbumin cannot 
be exclusively responsible for the capacity of chicken serum to bind iron. 


SUMMARY 


The distribution of the egg white proteins, ovalbumin, conalbumin, 
lysozyme, and ovomucoid in egg yolk and in embryo and adult chicken 
serum was studied. Only ovalbumin and conalbumin were detectable 
immunologically. Their concentrations were determined quantitatively 
by the precipitin reaction. 

Conalbumin was isolated from adult chicken serum. The diffusion con- 
stant and isoelectric point of this preparation differed from those of the 
conalbumin from egg white, but its molecular weight was of similar magni- 
tude. Immunochemically, it appeared to be identical with its egg white 
counterpart. The iron-binding capacities of both proteins are the same. 
Conalbumin is not present in sufficient amounts in chicken serum to ac- 
count for the total iron-binding capacity of this system. 
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METABOLISM OF cis-TESTOSTERONE, ANDROSTANEDIOL- 
38,178, AND ETIOCHOLANOL-178-ONE-3 IN VIVO* 


By FRANK UNGAR, RALPH I. DORFMAN, anp D. A. PRINS 


(From the Departments of Biochemistry and Medicine, School of Medicine, Western 
Reserve University, the Lakeside Hospital, and the Research Division 
of the Cleveland Clinic, Cleveland, Ohio) 


(Received for publication, July 8, 1950) 


Incubation of testosterone or A‘-androstenedione-3 ,17 with rabbit liver 
tissue has been shown by Clark et al. (1) to produce a small quantity of 
cis-testosterone. This indicates that the C,7-ketone of A‘-androstenedi- 
one-3,17 could be reduced to the 17a-hydroxy! configuration (2). We 
have studied the possibility of the oxidation of the 17a-hydroxy group by 
the administration of A‘-androstenol-17a-one-3 (cis-testosterone) to a man. 
Two additional steroids were studied in the same subjects. These steroids, 
androstanediol-38 ,178 and etiocholanol-178-one-3, both possessed 178-hy- 
droxy groups similar to the stereoisomeric configuration found in testos- 
terone. 


Subject and Methods 


A hypogonadal white male, age 52 years, designated as having the Lau- 
rence-Moon-Biedl syndrome (Case III, Roth (3)) served as a subject for 
the three experiments. 

75 mg. of the steroid were administered orally in capsules twice daily 
for a period of 6 days. The total amount administered was 900 mg. for 
each of the three steroids. 24 hour samples of urine were collected for 2 
days before treatment, during treatment, and for 2 or 3 days after ad- 
ministration of the compounds. The urine samples were preserved with 

qtoluene. 

') The daily urine samples were extracted separately by the following pro- 

Ycedure. The urine was acidified with 15 per cent by volume of concen- 

“trated hydrochloric acid, refluxed for 10 minutes, and cooled under tap 
water. 10 per cent by weight of sodium chloride was added and the urines 
were extracted three times with 0.33 volume of benzene on a shaking ma- 
chine. The benzene layers were separated, combined, and evaporated to 
dryness. The residue was taken up in ether, extracted first with saturated 


* Supported in part by a grant (RG-1050) from the Division of Research Grants 
and Fellowships, United States Public Health Service. 

1The designation of configurations at Cy? is that most recently established, and 
is in accord with that stated by Fieser and Fieser (2). 
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sodium bicarbonate, and then with 1 n sodium hydroxide to separate the 
acid and phenolic fractions, respectively. The ether solution containing 
the neutral compounds was washed with water, dried over sodium sulfate, 
and evaporated to dryness in vacuo. 

The daily 17-ketosteroid values were determined by the method of Holt- 
orff and Koch (4). 

The individual neutral 24 hour samples were then combined and treated 
with Girard’s Reagent T, trimethylaminoacetohydrazide hydrochloride 
(5). The resulting ketonic and non-ketonic fractions were treated with 
digitonin, the final concentration being 1 per cent digitonin in 90 per cent 
ethanol, to yield the digitonin-precipitable and non-precipitable fractions. 


TABLE I 
Daily Excretion of 17-Ketosteroids (Subject, 52 Year-Old Hypogonadal Male) 


| 17-Ketosteroids, mg. per 24 hrs., after administration of 
Amount of steroid 


Day of experiment 


administered | Androstenediol- | 
me. | | 
1 | 0 3.3 | 2.9 5.3 
2 0 3.3 | 2.9 2.8 
3 150 5.6 | 16.1 12.5 
4 150 7.6 | 20.5 | 23.1 
5 | 150 7.5 19.5 | 23.1 
6 150 8.3 17.9 | 12.8 
7 150 9.1 18.4 | 22.1 
8 150 7.6 19.9 | 17.8 
9 0 2.9 10.3 | 5.3 
10 0) 1.9 7.8 3.0 


— - — - ——- - 


A‘-Androstenol-17a-one-3 (cis-Testosterone), M.p. 210-215°—The 17- 
ketosteroid value before treatment was 3 mg. per 24 hours. The 17-ketos- 
teroid value for the 8 day collection period totaled 51 mg. The daily 
values before, during, and after treatment are illustrated in Table I. 

Separation with Girard’s Reagent T yielded 156 mg. in the ketonic and 
63 mg. in the non-ketonic fractions. Digitonin precipitation of the non- 
ketonic fraction yielded 1.5 mg. in the precipitable fraction and 54 mg. in 
the non-precipitable fraction. No identifiable products were obtained 
with chromatographic and crystallization procedures. The ketonic frac- 
tion with digitonin yielded 1 mg. of precipitable and 98 mg. of non-pre- 
cipitable material. Chromatography with aluminum oxide (Brockmann) 
yielded 13 mg. of material which was eluted with carbon tetrachloride con- 


2 The cis-testosterone, androstanediol-38,178, and etiocholanol-176-one-3 were 
generously supplied to us by the Ciba Pharmaceutical Products, Inc. 
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taining 0.2 per cent ethanol. Crystallization from methanol yielded 6 mg. 
of material with a melting point of 210-215°°. There was no change in 
melting point when the isolated compound was mixed with an authentic 
sample of cis-testosterone (m.p. 210—215°). 

M.p. 163°—The 17-ketos- 
teroid value before treatment was 3 mg. per 24 hours. The 17-ketoster- 
oid value for the 8 day collection period totaled 130 mg. 

Separation with Girard’s Reagent T yielded 90 mg. in the ketonic frac- 
tion and 33 mg. in the non-ketonic fraction. No precipitate from the 
non-ketonic fraction was obtained with digitonin. The non-precipitable 
material was dissolved in a minimum of pyridine, an equal amount of 
acetic anhydride was added, and the mixture heated at 80° for 1 hour. 
Addition of 2 n hydrochloric acid and subsequent extraction with ether 
vielded 20 mg. of acetylated material. No identifiable products were ob- 
tained with chromatography. 

The ketonic fraction was treated with digitonin. ‘The resulting precipi- 
tate upon hydrolysis yielded 45 mg. of crystals, with a melting point of 
170-174°. Chromatography on an aluminum oxide column yielded crys- 
tals by eluting with a solution of 0.1 per cent ethanol in carbon tetra- 
chloride. Crystallization from methanol gave 25 mg. of crystals with a 
melting point of 172-176°. A melting point mixture with isoandrosterone 
(m.p. 172-176°) gave a melting point of 172-176°. Acetylation of the 
product and successive crystallizations from methanol yielded crystals 
which melted at 113-115°. A mixture of the compound with isoandros- 
terone acetate (m.p. 114—115°) gave a melting point of 113—115°. 

The ketonic digitonin-non-precipitable fraction, weighing 35 mg., was 
chromatographed on an aluminum oxide column, and crystals with a melt- 
ing point of 160—-165° were obtained by eluting with a solution of 0.1 per 
cent ethanol in carbon tetrachloride. Crystallization from methanol yielded 
6 mg. of material which melted at 179-181°. A mixture of the compound 
with androsterone (m.p. 180-182°) melted at 179-181°. The product was 
acetylated and crystallized from methanol, giving crystals with a melting 
point of 158-160°. The melting point of a mixture of the acetate and 
androsterone acetate (m.p. 160—-162°) was 158-160°. 

Etiocholanol-178-one-3, M.p. 141°—The 17-ketosteroid value before 
treatment was 3 mg. per 24 hours. The 17-ketosteroid value for the col- 
lection period totaled 120 mg. 

Separation with Girard’s Reagent T yielded 130 mg. in the ketonic frac- 
tion and 106 mg. in the non-ketonic fraction. No precipitation of non- 
ketonic material with digitonin was obtained. The non-ketonic non-pre- 


*The melting points were determined with the Fisher-Johns apparatus and are 
uncorrected. 
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cipitable material weighed 98 mg., m.p. 210—-225°. Crystallization from 
methanol yielded 32 mg. of colorless flakes with a melting point of 233- 
235°. A mixture of the compound with etiocholanediol-3a,178 (m.p. 232- 
234°) melted at 233-235°. Acetylation of the product yielded material 
which on crystallization from methanol gave a product melting at 125- 
127°. A mixture of the acetate with etiocholanediol-3a,178 diace- 
tate (m.p. 125-127°) melted at 125-127°. 

Treatment of the ketonic fraction with digitonin yielded no precipitable 
material. The ketonic non-precipitable fraction weighed 130 mg. Chro- 
matography on an aluminum oxide column on elution with benzene-2 per 
cent ether solution yielded 61 mg. of crystals melting at 135-140°. Crys- 
tallization from ether-petroleum ether yielded 48 mg. of fine needles with 
a melting point of 140-142° and 151°. The melting point of a mixture 


TaBLeE II 
Metabolites of Cis Steroids 


Compound administered Product obtained | Yield 


A‘-Androstenol-l7a@-one-3  (cis-tes- A*-Androstenol-17a-one-3, 
tosterone), m.p. 210-215°, 900 mg. 210-215° | 
Androstanediol-38-178-17-hexahy- Isoandrosterone, m.p.172-176° 4.0 
drobenzoate, m.p. 163°, 900 mg. | Androsterone m.p. 179-180° 6 660.9 
(640 mg. free compound) | 5.3 
m.p. 141°, Etiocholanol-3a-one-17, m.p. | 
900 mg. -140-142° and 151° | 
| m.p. | 
| 233-235° 


of the compound with etiocholanol-3a-one-17 (m.p. 140-142°, 150—152°) 
melted at 140-142° and 151°. Acetylation of the product and crystalliza- 
tion from aqueous methanol (70 per cent) yielded crystals with a melting 
point of 95-96°. The melting point of a mixture of the compound with 
etiocholanol-3a-one-17 acetate (m.p. 96-96.5°) was 95-96°. 


DISCUSSION 


The study of cis-testosterone indicated a small increase in 17-ketoster- 
oids after the oral administration of 150 mg. per day. This is in agree- 
ment with the report of Hamburger and Kaae (6) who found a 17-ketos- 
teroid excretion of 40 per cent of administered testosterone but only 2 to 
3 per cent of the cis-testosterone. No metabolites of cis-testosterone could 
be isolated in our experiment. Only a small quantity (0.7 per cent) of 
unchanged steroid was found (Table IT). 
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It appears that the body has difficulty in oxidizing the hydroxy group 
in the a configuration of C,; to a ketone as contrasted to the ease with 
which the hydroxy group in the 8 configuration of C,7 is oxidized. Pos- 
sibly the presence of the 17a-hydroxy group may lead to a more intense 
destruction of the steroid nucleus. Previously, it had been shown that 
the 178-hydroxy group of androstanediol-3a,178 (7) and testosterone (8) 
could be converted to the 17-ketone to the extent of 21 and 28 per cent 
respectively. 

In this communication two additional steroids having the 178-hydroxy 
group have been studied. These compounds, androstanediol-38,178 and 


OH OH 
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Fic. 1. The conversion of androstanediol-38,178 (1) to androsterone (III) and 
isoandrosterone (IV) in vivo. 

Fig. 2. The conversion of etiocholanol-178-one-3 (I) to etiocholanediol-3a, 178 
(II) and etiocholanol-3a-one-17 (IV) in vivo. 


etiocholanol-178-one-3, were converted to a reasonable extent to Cy7-ke- 
tones. The former compound yielded isoandrosterone (4.0 per cent) and 
androsterone (0.9 per cent), while the latter compound yielded 5.3 per 
cent of etiocholanol-3a-one-17 (Table IT). 

Figs. 1 and 2 illustrate the possible routes of the metabolism of andro- 
stanediol-38,178 and etiocholanol-178-one-3 in vivo. ‘The conversion of 
androstanediol-38 ,178 to isoandrosterone may be by direct oxidation of 
the 17-hydroxy group or through the possible intermediate androstanedi- 
one-3,17. The androsterone could arise only directly from the andro- 
stanedione-3,17. Previous work in vitro has indicated that androstanedi- 
one-3,17 may be converted to both androsterone and isoandrosterone (9), 
and that isoandrosterone, presumably through the intermediate andro- 
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stanedione-3 ,17, may be converted to androsterone. Schneider and Ma- 
son (10) have shown that androsterone may be converted to androstanedi- 
one-3,17 and isoandrosterone by incubation of the steroid with rabbit 
liver slices. Androsterone is converted to isoandrosterone by the guinea 
pig (11). 

The conversion of etiocholanol-178-one-3 to etiocholanediol-3a,178 and 
etiocholanol-3a-one-17 was demonstrated. It is quite likely that the start- 
ing material was first converted to the diol, which in turn was oxidized to 
the etiocholanol-3a-one-17. However, this latter compound may have 
arisen from the starting material through the possible intermediate etio- 
cholanedione-3,17. Schneider and Mason (10), using an in vitro tech- 
nique, have demonstrated the conversion of etiocholanol-3a-one-17 to etio- 
cholanedione-3 , 17, etiocholanediol-3a,17a, and etiocholanediol-3a , 178. 


SUMMARY 


The urinary excretion products of two 176-hydroxy Cy, compounds and 
one 17a-hydroxy Ciy compound have been investigated. Several of the 
metabolic pathways are discussed. 

The difficulty of the body in oxidizing the 17a-hydroxy group (trans- 
configuration to the C,; angular methyl! group) to a ketone is demonstrated. 
Possibly the presence of the 17a-hydroxy group may lead to a more in- 
tense destruction of the steroid nucleus. 

Each of the three steroids in this study was administered at a level of 
150 mg. per day to a hypogonadal male. ‘The urinary 17-ketosteroid ex- 
cretion was increased 6-fold with the administration of androstanediol- 
38-178. The urinary 17-ketosteroid excretion increased 7-fold with the 
administration of etiocholanol-178-one-3. There was a 2-fold increase in 
17-ketosteroid excretion following the administration of czs-testosterone 
(A‘-adrostenol-17a-one-3). 

Administration of cis-testosterone resulted in the recovery of only a 
small amount (0.7 per cent) of starting material. 

Urinary metabolites recovered following the administration of andro- 
stanediol-36-178 were isoandrosterone (4.0 per cent) and androsterone 
(0.9 per cent). 

Urinary metabolites recovered following the administration of etiochol- 
anol-178-one-3 were etiocholanediol-3a-178 (3.5 per cent) and etiocholanol- 
3a-one-17 (5.3 per cent). 


We are indebted to Dr. Manu Chatterjee for supervising the clinical 
aspects of these studies and to Miss Dorotha Grim for the 17-ketosteroid 
determinations. 
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EFFECT OF DEFICIENCY OF B VITAMINS ON THE 
METABOLISM OF TRYPTOPHAN BY THE RAT* 


By L. M. HENDERSON, I. M. WEINSTOCK, anv G. B. RAMASARMAT 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, September 7, 1950) 


That vitamin Bg is involved in the metabolism of tryptophan has been 
repeatedly demonstrated (1-5) by studies in which the amounts of ky- 
nurenine, kynurenic acid, or xanthurenic acid in the urine of animals were 
measured following the administration of tryptophan. The most consis- 
tent finding has been the increased excretion of xanthurenic acid. What 
is probably another manifestation of the abnormal metabolic pathway 
taken by tryptophan in vitamin Be.-deficient animals is a reduced conver- 
sion of this amino acid to N!-methylnicotinamide (6-9). 

Other B vitamins appear to be involved in tryptophan metabolism. 
Junqueira and Schweigert (10) demonstrated reduced urinary excretion of 
N'-methylnicotinamide and nicotinic acid by rats deficient in thiamine, 
riboflavin, vitamin Be, and pteroylglutamic acid. Porter et al. (5) observed 
that thiamine, riboflavin, and vitamin B, deficiencies affected the amount 
and the proportions of kynurenine, kynurenic acid, and xanthurenic acid 
which were excreted by the rat in response to a test dose of tryptophan. 

It has been shown (11, 12) that urinary quinolinie acid accounts for a 
larger percentage of administered tryptophan than does any other pyridine 
derivative excreted by the rat. 3-Hydroxyanthranilic acid is as effective 
as tryptophan in increasing the urinary excretion of quinolinic acid and 
is nearly as effective in elevating the nicotinic acid and N'-methylnicotina- 
mide content of the urine (13). These findings suggested the experiments 
described here, which were designed to obtain information on the site of 
action of some of the B vitamins. ‘The results presented below show that 
in riboflavin or vitamin Bg deficiency the ability of the rat to convert 
tryptophan and kynurenine to quinolinic acid is markedly impaired, while 
these deficiencies do not affect the conversion of 3-hydroxyanthranilie acid 
to quinolinie acid. The reduced excretion of this metabolite in thiamine- 
deficient rats appears to be due largely to the accompanying inanition. 


* Supported in part by a grant from the Nutrition Foundation, Inc., New York. 
A preliminary report of these results has been made (Federation Proc., 9, 183 (1950)). 

t Permanent address, Raptakos,. Brett and Company, Ltd., Worli, Bombay, 
India. 
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20 B VITAMINS AND TRYPTOPHAN METABOLISM 


EXPERIMENTAL 


The basal ration used in these studies contained casein (Labco or Smaco, 
vitamin-free) 9 gm., Salts IV 4 gm., corn oil 5 gm., L-cystine 0.2 gm., thia- 
mine hydrochloride 0.4 mg., riboflavin 0.6 mg., pyridoxine hydrochloride 
0.5 mg., nicotinic acid 4 mg., calcium pDL-pantothenate 4 mg., choline 
chloride 200 mg., inositol 20 mg., biotin 0.02 mg., pteroylglutamic acid 
0.04 mg., and sucrose to make 100 gm. These vitamin levels were double 
those normally used in such diets in order to minimize the possibility of 
a multiple vitamin deficiency occurring as a result of reduced food intake. 
The various vitamin B deficiencies were produced by omitting the appro- 
priate vitamin from the above diet. When the deficiencies became severe, 
as indicated by the cessation of growth, tryptophan, pi-kynurenine sul- 
fate,) or 3-hydroxyanthranilic acid (15) was administered in a series of 
stomach tube feedings of the compounds mixed with the ration as a thick 
syrup, or in a water suspension or solution. In the later experiments the 
tested compounds, dissolved or suspended in 0.9 per cent sodium chloride 
solution, were injected intraperitoneally in four equal doses during 24 
hours. The urine was collected during this and a subsequent 24 hour 
period. In all cases, urine was collected during a preliminary 24 or 48 
hour control collection period immediately before the compounds were 
administered. 

The urine samples, preserved under toluene, were analyzed for nicotinic 
and quinolinic acids by the differential assay with Lactobacillus arabinosus 
17-5 (12). In some cases N'!-methylnicotinamide was determined (16) as 
well. 

Effect of Vitamin Bey Deficiency and Protein Level—In the first experi- 
ment the influence of vitamin Bg deficiency and of the protein content of 


1 The pi-kynurenine sulfate was isolated by the method of Kallio and Berg (14) 
from the urine of rabbits fed 2 to 4 gm. of pL-tryptophan per day by stomach tube. 
Recrystallization from 75 per cent ethanol gave light buff needles of kynurenine 
sulfate which began to darken on the Kofler micro block at 160-165° and melted to a 
dark amber liquid with evolution of gas at 176-177°, when the melting point was 
taken in a sealed capillary tube. The observed melting point was approximately 
20° lower when taken on a glass slide. Repeated recrystallization from 70 per cent 
alcohol did not change the melting point. The analysis for C, N, and S indicated 
that the product used in the experiments was 92 to 95 per cent pure. Microbio- 
logical assays with L. arabinosus indicated the absence of tryptophan or nicotinic 
acid. A water solution had no optical activity. The salt required the theoretical 
3 equivalents of alkali to titrate to pH 9.0. The free base, kynurenine, obtained 
after neutralization with barium hydroxide, melted at 194-198° with blackening 
and had no optical activity in water solution. Either pt-kynurenine was excreted 
following the administration of pL-tryptophan or racemization resulted during 
isolation. Further work will be required to clarify this matter. 
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the diet on the conversion of tryptophan to the three end-products was 
studied. Twelve female weanling rats were divided into three groups of 
four each, with litter mates equally distributed in each group. Group 1 
received an 18 per cent casein diet containing all of the vitamins except 
vitamin Bs. Group 2 was fed the same ration, supplemented with 250 
y of pyridoxine hydrochloride per 100 gm., at a level of intake equal to 
the average food consumption of Group 1. Group 3 received the vitamin 
Bs-supplemented ration ad libitum. Suboptimal quantities of pyridoxine 
were occasionally added to the ration of Group 1 to permit some growth 
until body weights of the rats became nearly constant at an average of 
142 gm. after 12 weeks. After 4 more weeks on these diets, the animals 
were transferred to rations containing 9 per cent casein and no added nico- 


TaBLeE I 


Effect of Dietary Protein Level and Vitamin Bg Deficiency on Conversion of 
Tryptophan to Pyridine Derivatives 


Per cent conversion of DL-tryptophan in rats 


Metabolite in urine Ad libitum controls Pair-fed controls Vitamin Be-deficient 

9 per cent (18 per cent 9 per cent |18 per cent, 9 per cent |18 per cent 
casein casein casein casein casein casein 

Nicotinic acid............... 0.209 0.143) 0.22 0.140; 0.064) 0.030 
+0.074*; +0.019) +0.04 | +0.016) +0.015) +0.009 
Quinolinic acid.............. 11.6 2.85 | 12.1 4.07 0.77 0.286 
+2.4 +0.80 | +1.8 +0.95 | +0.22 | +0.068 

N'-Methylnicotinamide......| 2.19 2.28 1.98 1.76 1.84 1.03 

+0.34 +0.23 | +0.22 | +0.15 | +0.23 | +0.26 


* Standard error of the mean. 


tinic acid. The vitamin Bs content of the diet of each group remained 
unchanged. After 3 to 6 weeks of this low protein diet the animals were 
used for metabolism studies. For 3 days, two animals in each group re- 
ceived 200 mg. of pL-tryptophan per day, mixed with the ration, while 
the remaining animals were forcibly fed the same amount of tryptophan 
homogenized with the average amount of ration they had been consuming. 
The forced feedings were made in three equal, evenly spaced doses in each 
24 hour period. Urine was collected at the end of the Ist and 3rd days 
and analyzed as described above. Excretion values were comparable on 
the various days and by the two methods of tryptophan administration. 
The results (Table I) are expressed as percentage of the administered 
tryptophan excreted during the 3 day period as nicotinic acid, quinolinic 
acid, or N'-methylnicotinamide. 

The casein content of the diets was then increased to 18 per cent. After 
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1 week another control period of urine collection was made, and each ani- 
mal was forcibly fed 6 gm. of ration containing 200 mg. of pL-tryptophan 
in three equal feedings daily for 3 days. The rats in Groups 1 and 3 
were given their rations ad libitum between forced feedings. Urine was 
again collected and analyzed. The per cent of the administered trypto- 
phan excreted as quinolinic acid by the control animals decreased from 
11.6 to 2.85 per cent (Table I) as the result of the increased protein intake. 
Smaller decreases in the nicotinic acid excretion were noted, while the 
N'-methylnicotinamide values were not influenced by this dietary altera- 
tion. 

The vitamin Be-deficient animals excreted much less nicotinic acid and 
quinolinie acid than corresponding control animals at both levels of pro- 
tein intake. N'-Methylnicotinamide excretion, on the other hand, was 
not influenced by lack of vitamin Be with the 9 per cent casein level, and 
was reduced only moderately when the protein was fed at 18 per cent of 
the diet. The pair-fed control group excreted approximately the same 
amount of metabolites as the positive control group. The 3- to 4-fold 
reduction of nicotinic acid and the approximate 10-fold reduction in quino- 
linie acid excretion resulting from vitamin Bg insufficiency were confirmed 
in a number of similar studies. The use of pair-fed control groups was 
discontinued when it became apparent that the degree of inanition en- 
countered with vitamin Be- and riboflavin-deficient rats did not influence 
the excretion pattern in response to tryptophan. 

Use of Other Precursors of Nicotinic Acid—The procedure for all subse- 
quent experiments was altered slightly. Rats at approximately 3 weeks 
of age were fed a nutritionally complete 18 per cent casein diet tor i week. 
They were then fed the 9 per cent casein diet with single vitamins omitted 
until they became deficient as indicated by lack of growth. A 48 hour 
control urine collection was made and L-tryptophan,’ pL-kynurenine sul- 
fate, or 3-hydroxyanthranilic acid was then injected intraperitoneally in 
four equal doses, at 6 hour intervals, during a 24 hour period. Urine was 
collected at the end of a second 24 hour period. In most cases 0.25 mm 
of each metabolite was used, although in a few instances smaller dosages 
were administered. In some of the earlier studies administration of large 
amounts of 3-hydroxyanthranilic acid proved fatal to severely deficient 
animals. Usually 0.25 mm of the metabolite in three to four doses caused 
no untoward effects in control or deficient animals. 

The results of a typical experiment of this kind are shown in Table II. 
Tryptophan and 3-hydroxyanthranilic acid increased the excretion of 
quinolinic acid by control animals to 2 to 3 mg. per 48 hours. Kynurenine 


2 In the experiments reported in Table I, pL-tryptophan was used. 
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caused only moderate increases (0.4 mg.). Either vitamin Bg or riboflavin 
deficiency resulted in marked reduction in quinolinic acid excreted when 
tryptophan was given, moderate reduction with kynurenine, and no reduc- 
tion with 3-hydroxyanthranilic acid. 

Correlation between the degree of the vitamin Beg deficiency (as esti- 
mated by body weight changes) and the extent of the lowering of quino- 


TABLE II 


Effect of Riboflavin and Vitamin Bg Deficiencies on Urinary Excretion of Nicotinic 
and Quinolinic Acid by Rats 
The values are given in micrograms per 48 hours. 


Compound injected 


—— 


Animals Experi- Experi- 
C l Co l 
period | period | mental | ‘period | "mental 
3 Free | Fotal | Free |Total| Free Free |Total! Free | Total 
62+} 132} 210) 2410’ 80) 152) 91 92 | 179 136 3260 
+8 46 +390 
Riboflavin-deficient....| 36 | 85} 62) 339| 39] 73, 172) 41 | 83) 3530 
+6 |412) 48) 414) 42) +8'419'424) 47 |410/418'+310 
Vitamin Be-deficient...| 85) 71) 923) 29) 79 43) 189} 102) 107) 2990 
$13 |£12\+16 £243 +3416 +3419 


* Expressed as nicotinic acid; ‘“‘free’’ by direct assay, ‘‘total’”’ by assay after 
autoclaving with acetic acid. To convert ‘‘total’’ to quinolinic acid, subtract the 
‘“free’’ value and multiply by 1.36. 


t Mean values for six animals with standard error of mean unless otherwise 
noted. 


t The values for vitamin Be-deficient animals injected with tryptophan are for 
four animals which were only mildly deficient. 

§ The values for vitamin Be-deficient animals injected with 3-hydroxyanthra- 
nilic acid are averages of two animals only. Other animals in this series received 


0.125 mm of 3-hydroxyanthranilic acid and showed correspondingly reduced ex- 
cretion rates. 


linic acid following tryptophan was noted in all of these studies. More 
striking and consistent results were obtained in one experiment in which 
a severe vitamin Be deficiency was induced by incorporation of desoxy- 
pyridoxine® (2 ,4-dimethyl-3-hydroxy-5-hydroxymethylpyridine) (17) into 
the diet at a concentration of 1 mg. per 100 gm. (Table III). Again the 


* Kindly supplied by Dr. B. C. Johnson. 
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deficiency influenced the results with kynurenine and tryptophan, but not 
with 3-hydroxyanthranilic acid. 

A summary of the effect of vitamin Bs and riboflavin deficiencies on the 
postulated metabolic conversion of tryptophan to quinolinic acid is pre- 
sented in Table IV. The consistent effect of these deficiency states in 
reducing the quinolinic acid excretion following tryptophan was not so 
striking when kynurenine was the administered precursor. Nevertheless, 
both riboflavin and vitamin Bg deficiency did cause significant reduction 
in conversion of kynurenine to quinolinic acid. The effect of vitamin Bs 
on the excretion of quinolinic acid in response to administered kynurenine 


TABLE III 
Effect of Desoxypyridoxine-Induced Vitamin Beg Deficiency on Urinary Excretion of 
Nicotinic and Quinolinic Acids 
The values are given in mg. 


Control animals* Deficient animals 


48 hr. experi- 


48 hr. experi- 
mental period 


48 hr. control 
mental period 


peri 


Compound injected, 0.25 mm 48 hr. control 
period 


Freet | Totalt | Free | Total | Free | Total Free | Total 


L-Tryptophan............... 


pL-Kynurenine sulfate....... 


3-Hydroxyanthranilic acid... 


0.083 
0.053 


0.066 


0.075 
0.083 


0.227 
0.164 


0.163 


0.192 
0.197 


0.29 
0.180 


0.069 
0.064 


0.158 
0.156 


2.48 
2.82 


0.028) 0.086 


0.034 
0.025 
0.040 
0.034 
0.042 
0.037 
0.035 


0.041 
0.075) 0.036 
0.093; 0.037 
0.142) 0.037 
0.090; 0.033) 0.136 
0.138) 0.031) 0.104 
0.132; 0.071) 2.22 
0.097; 0.086, 2.52 


* The control animals received a ration containing 1 mg. of desoxypyridoxine 
and the usual amount (0.5 mg.) of pyridoxine hydrochloride per 100 gm. 
t See foot-note to Table II. 


is shown clearly when a severe deficiency of this vitamin is produced by 
using desoxypyridoxine (Tables III and IV). The conversion of kynure- 
nine to urinary quinolinic acid was reduced from 0.78 + 0.074 per cent 
in control animals to 0.325 + 0.063 per cent in animals deprived of vitamin 
Be, and to 0.142 + 0.039 per cent in those animals receiving the antivita- 
min and no pyridoxine. 

Thiamine Deficiency—The findings (10) that thiamine deficiency less- 
ened the N'!-methylnicotinamide excretion in response to tryptophan 
suggested that this vitamin might be involved in one or more steps in tryp- 
tophan metabolism. In contrast to riboflavin- and vitamin Be-deficient 
animals, those deprived of thiamine excreted highly variable amounts of 
quinolinic acid. From Table V it is evident that some of this variation 
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TABLE IV 


Effect of Vitamin Beg and Riboflavin Deficiencies on Conversion of Tryptophan, 
$-Hydroxyanthranilic Acid, and Kynurenine to Quinolinic Acid 


Compound administered 
No. | Per cent | No. | Percent |x, o¢| Percent | No. | Per cent 
of | conver- | of | conver- |"),;, | comver- | of | conver- 
rats; rats | sion sion rats sion 
28 9.83 | 10} 10.7} 18 1.14 21 1.00 
+0.91 +2.2 +0.30 +0.07 
2t 0.089 
3-Hydroxyanthranilic acid...| 19 | 11.31 10 11.15 | 19 9.57 
+1.37 +2.17 +1.36 
2t 7.13 
Kynurenine.................. 8 0.78 8 0.325) 12 0.340 
+0.074 +0.063 +0.051 
4t 0.142 
+0.039 


* Some of the animals in the control, pair-fed control, and vitamin Be-deficient 
groups received pL-tryptophan, in some cases by stomach tube. Since the amount 
of quinolinic acid excreted appears to be independent of the isomeric form used 


and the method of administration, all the values have been included in this average. 
t The basal ration contained 1 mg. of desoxypyridoxine per 100 gm. 


TABLE V 
Effect of Thiamine Deficiency on Excretion of Quinolinic Acid in Response to 


Tryptophan and 3-Hydrozyanthranilic Acid* 
The values are given in mg. per 48 hours. 
Severely deficient Mildly deficient 
Tryptophan.................. 0.12 | 0.083 2.69 1.4 0.93 2.07 
0.51 | 0.060 3.01 0.72 | 0.48 | 3.81 
0.33 1.18 
4.20 
3-Hydroxyanthranilic acid...., 1.50 | 0.68 4.96 2.15 | 2.68 2.19t 
0.99 | 0.65 4.52 4.33 | 1.49 
2.94 | 1.63 
4.39 


* All the values are expressed as nicotinic acid. 

t In all cases the dosages were 0.0625 mm every 6 hours during the first 24 hour 
period. The severely deficient rats and their corresponding pair-fed controls re- 
ceived only three injections, since they exhibited loss of muscular coordination for 
some time after injection. The mildly deficient rats received the entire 0.25 mm 
(four injections), except the two animals for which quinolinic acid excretion is 
marked with a double dagger ({). They received 0.1875 mm. 
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results from differences in the severity of the deficiency state. The reduc- 
tion in the conversion of tryptophan to quinolinic acid in thiamine-defi- 
cient animals appears to be largely, if not entirely, due to inanition. The 
variable nature of the results makes a definite conclusion impossible, but 
it appears that the corresponding excretion values for deficient and pair- 
fed control groups are of the same magnitude. The mild deficiency did 
not influence the excretion following the administration of 3-hydroxy- 
anthranilic acid, but the severely deficient animals showed decreased re- 
sponse, again due to inanition (Table V). The severely deficient animals 
consumed approximately 2 gm. of the ration, and the mildly thiamine- 
deficient animals 2.5 gm. per day during the control collection period. The 
food intake of the severely deficient animals was negligible during the 
experimental collcetion period, while the mildly deficient animals continued 
to eat approximately 2.5 gm. per day. 


tryptophan 
acid kynurenine —  kynurenic acid 
alanine riboflavin 
3-hydroxyanthranilic vitamin Be xanthurenic 
acid acid 


Quinolinic acid nicotinic acid WN'-methylnicotinamide 


DiacGraM 1. Tryptophan metabolism showing suggested sites of riboflavi.. and 
vitamin Bg action. 


DISCUSSION 


The reports that vitamin Be, deficiency increases xanthurenic acid ex- 
cretion and reduces N'-methylnicotinamide excretion have been interpreted 
as evidence that this vitamin functions in one or more reactions in the 
metabolism of tryptophan by animals. The results reported here extend 
the previous studies in an effort to localize the site of vitamin Bg action. 
The study of quinolinic acid excretion was chosen in preference to either 
N'-methylnicotinamide or xanthurenic acid because of the large amount 
excreted, its relatively constant excretion under a given experimental con- 
dition, and the ease of estimating this end-product. The results strongly 
suggest that vitamin B, functions in the conversion of kynurenine to 2 
hydroxyanthranilic acid (Diagram 1). 

Haskins and Mitchell (18) have demonstrated that 3-hydroxykynure- 
nine can replace nicotinic acid for Neurospora mutants. This fact and the 
failure of anthranilic acid to replace nicotinic acid for rat growth (19) 
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suggest that the conversion of kynurenine to 3-hydroxyanthranilic acid 
proceeds via 3-hydroxykynurenine (20). If xanthurenic acid arises from 
3-hydroxykynurenine by a process analogous to that by which kynurenic 
acid is formed from kynurenine, as has been suggested (21), a logical place 
for vitamin B, to function is in the reaction 3-hydroxykynurenine — 3- 
hydroxyanthranilic acid. There is further basis for such a rdle, since it 
has been shown (22) that pyridoxal phosphate is the prosthetic group for 
kynureninase which catalyzes the analogous degradation of kynurenine to 
anthranilic acid and alanine (23). Impaired conversion of 3-hydroxyky- 
nurenine to 3-hydroxyanthranilic acid would be expected to result in the 
xanthurenic acid, quinolinic acid, and N'-methylnicotinamide excretion 
patterns which have been observed. This hypothesis is in agreement 
with the findings of Ling eé¢ al. (9) on the effect.of vitamin Be deficiency 
on the formation of pyridine nucleotides in the erythrocyte and the nega- 
tive results of Cedrangolo and coworkers (24). 

Unfortunately xanthurenic acid excretion was not determined. How- 
ever, the characteristic color of the urine from the vitamin Be-deficient 
animals suggested that the tryptophan was being metabolized to xanthu- 
renic acid, as has been observed by several investigators. 

The reason for the failure to note a significant reduction in the N'- 
methylnicotinamide excretion as a result of vitamin Bg deficiency when a 
9 per cent casein diet was used is not apparent. In agreement with some 
investigators (6-8) and in disagreement with others (25), rats fed 18 per 
cent casein did exhibit decreased excretion of this metabolite during vita- 
min Bg deficiency. Possibly the protein component of the diet is respon- 
sible. The effect of the protein level of the diet on the excretion of nico- 
tinic acid and quinolinic acid may be related to the influence of other amino 
acids on the pathway of tryptophan metabolism. Such an effect is sug- 
gested by amino acid imbalance studies (26) and by the apparent differ- 
ence in the response to tryptophan administered alone or as a protein (8). 

The results with riboflavin deficiency were as conclusive as those with 
vitamin Be deficiency. Again, an early manifestation was a reduction in 
the conversion of tryptophan or kynurenine to quinolinic acid. This 
suggests that the reaction in this metabolic series first affected by an in- 
adequacy of riboflavin is again one of those between kynurenine and 3- 
hydroxyanthranilic acid. The only known evidence which bears more spe- 
cifically on the site of riboflavin function is the observation of Porter et 
al. (5) that riboflavin deficiency had little influence on kynurenine or xan- 
thurenic acid excretion, but increased the kynurenic acid excretion approx- 
imately 4-fold. This and the evidence cited above suggest that riboflavin 
functions in a different reaction than does vitamin Bg, possibly in the oxi- 
dation of kynurenine to 3-hydroxykynurenine (Diagram 1). 

Kynurenine was converted to urinary quinolinic acid and nicotinic acid 
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to a far lesser extent than tryptophan or 3-hydroxyanthranilic acid. In- 
stability of kynurenine or its rapid transformation to products such as 
kynurenic acid or xanthurenic acid when given by injection in relatively 
large doses may be responsible. These results are in agreement with those 
of Kallio and Berg (14), who found that the N'-methylnicotinamide excre- 
tion was less when kynurenine was given than when an equimolar amount 
of tryptophan was administered. The report (27) that kynurenine is in- 
active in promoting the growth of rats fed low tryptophan-niacin diets 
may be the result of metabolism of the small quantities given to products 
other than nicotinic acid derivatives. Wiss et al. (28) have recently re- 
ported that kynurenine given by injection is effective in replacing nico- 
tinic acid or tryptophan for rat growth. 


SUMMARY 


1. Riboflavin- and vitamin Be-deficient rats excreted much smaller 
amounts of urinary quinolinic acid and nicotinic acid following tryptophan 
or kynurenine administration than did control animals. Deficient animals 
did not exhibit any decrease in the excretion of these metabolites when 
3-hydroxyanthranilic acid was given. These results have been interpreted 
as evidence for the fact that these vitamins function in the conversion of 
kynurenine to 3-hydroxyanthranilic acid. 

2. The conversion of a test dose of tryptophan to quinolinic acid was 
reduced from approximately 12 per cent to 3 to 4 per cent by increasing 
the casein content of the diet from 9 to 18 per cent. 

3. Thiamine deficiency reduced the excretion of quinolinic acid follow- 
ing tryptophan administration and to some extent following 3-hydroxyan- 
thranilic acid, but the effect appeared to be primarily the result of the 
accompanying inanition. 
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APOERYTHEIN IN SALIVA 
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(Received for publication, September 18, 1950) 


As the result of extended studies on pernicious anemia, ‘Ternberg and 
Eakin (1) have recently demonstrated the presence in normal gastric 
juice of a protein fraction, apoerythein, which is absent from the gastric 
juice of pernicious anemia patients. This substance is capable of com- 
bining with vitamin By, (erythrotin) to form a vitamin-protein complex, 
erythein, in which the vitamin is resistant to digestive destruction. The 
substance is thus presumably identical with the ‘intrinsic factor” of Castle. 
It has subsequently been shown (2-4) that apoerythein is present in the 
saliva of both normal persons and pernicious anemia patients in amounts 
sufficient to account for that found in the gastric juice, but that the gas- 
tric juice of pernicious anemia patients contains a principle which inacti- 
vates apoerythein, unless the gastric juice is first treated with hydro- 
chloric acid. It thus appears that the primary defect in pernicious anemia 
is the achlorhydria, which prevents conversion of the apoerythein-destroy- 
ing principle in gastric juice to an inactive form. These data thus 
modify the previous concept of the etiology of pernicious anemia by as- 
signing a vital rdle to saliva, and by demonstrating that the intrinsic factor 
is present in pernicious anemia patients in normal amounts and that it 
probably originates in the saliva but is destroyed in these patients in the 
stomach. 

The discovery of the existence of apoerythein in the saliva raises the 
questions of what amounts are normally secreted in the saliva, and what 
variations exist in this regard from person to person, from day to day, and 
throughout the course of the day. The present study was undertaken to 
answer these questions, and the results indicate a high degree of individu- 
ality in the levels found in saliva from various individuals. 


Methods 


The assay technique was identical with that previously described (2). 
Since it was found that apoerythein levels were most constant in saliva 
during the period of from 1 to 3 hours following lunch, the samples from 
various individuals were collected during this period. The subjects in 
these studies consisted of a group of laboratory personnel, varying in age 
from 19 to 56 years, all of whom had normal hematological findings. 2 to 


* Present address, The University of Texas, School of Dentistry, Houston, Texas. 
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3 ml. samples were collected, without the aid of any device to stimulate 
the flow of saliva, and were immediately diluted 1:50 with distilled water 
and filtered. Levels of 0.2, 0.3, 0.4, and 0.6 ml. per tube were then used 
in the test, with Escherichia coli as the assay organism. Samples obtained 


TaBLeE | 
Variation in Salivary Apoerythein in Three Individuals* 
Milliunits apoerythein per ml. saliva 
Time of sample collection 
Subject A Subject B Subject C 
Immediately before breakfast........... 5 53 27 
after 5 37 10 
Immediately before lunch............... 5 35 5 
27 31 14 
Immediately before dinner.............. 16 32 10 


* Subjects A and C have subaverage amounts of salivary apoerythein. 
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Fig. 1. Variation in apoerythein levels of four individuals over a 50 day period. 
Subject C represents a high extreme and Subject D a low extreme. Subjects A 
and B are typical of most individuals. 


during the course of a day from a single individual were refrigerated at 
4° and tested the following day. 
DISCUSSION 


A consideration of the results obtained from a number of individuals 
during the course of the day indicates that in general the apoerythein 
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level tends to drop immediately before a meal, and even more so immedi- 
ately after a meal, as indicated in Table I. Studies of the volume of 
saliva secreted at these times do not seem to bear out the possibility that 
this is purely a dilution effect, and suggest the possibility that the reserve 
of apoerythein available for excretion in periods of increased salivation 
may be somewhat limited. 


TaBLe II 
Salivary Apoerythein Levels in Eleven Individuals 

Subject Sex Mean value 

a milliunits per mi. | milliumits per ml. 
A F. 16 73 16.3 
B M. 5 71 23.2 
C F. 10 70 27.8 
D M. 10 67 15.3 
E - 14 49 12.4 
F 8 48 8.9 
G 46 9.4 
H " 12 44 14.8 
I os 5 43 16.0 
J - 15 42 13.5 
K " y 36 16.1 
L F 7 31 12.7 
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Fic. 2. Distribution diagram of salivary apoerythein 


A large number of samples were obtained from about twenty individu- 
als over a period of 2 months, and the results obtained from four of these 
are shown in Fig. 1. Certain persons, such as Subjects C and D in Fig. 
1, exhibit quite individualistic levels, the difference between the mean 
values for these two individuals being 5.6 standard errors of the difference. 
From fifteen persons studied in detail, it was possible to find a dozen pairs 
that differed by at least this much. Most individuals seem to vary con- 
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siderably from day to day, however, as shown by the mean values and 
standard errors in Table II, but the amount of variability is in itself 
somewhat characteristic of the person. No sex differences were observed. 
The mean value for all determinations performed is 55.5 milliunits of apo- 
erythein per ml. of saliva, and the modal value obtained from a cumula- 
tive distribution curve is 49 milliunits. The distribution of all values ob- 
tained is indicated in Fig. 2. Preliminary studies have also been performed 
to determine whether any of the commoner dietary materials possess any 
erythrotin- or apoerythein-inactivating capabilities. Aqueous extracts of 
onion, carrot, cabbage, pepper, lemon, tomato, potato, and banana all 
appeared to have no activity in this regard; hence it seems improbable 
that residual food matter has any appreciable effect on the determinations 
in saliva. 
SUMMARY 


Apoerythein levels in the saliva of twenty healthy persons were studied 
with regard to the range in values that occurs among individuals and the 
variations that occur over a period of time. The mean value for all sam- 
ples was 55.5 milliunits of apoerythein per ml. of saliva, and the mode 49.0 
milliunits. Values tend to decrease around meal-times in a manner sug- 
gesting a limitation of the amount available for secretion. A high degree 
of individuality exists in the values from different persons. 


The authors wish to express their gratitude to Mrs. Marianne Dunlap 
and Dr. R. E. Eakin for their advice and assistance throughout this study. 
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ANTERIOR PITUITARY EXTRACT AND LIVER 
METABOLISM 


By JAMES CAMPBELL anp I. W. F. DAVIDSON 
(From the Department of Physiology, University of Toronto, Toronto, Canada) 


(Received for publication, June 15, 1950) 


Certain extracts of the anterior pituitary gland produce a mobilization 
of depot lipide, part of which is deposited in liver and kidney (1-3). In- 
creased utilization of fat and ketosis accompany this mobilization. The 
ketosis elicited by similar extracts is due, at least in part, to increased 
production of ketones by the liver (4). Ennor (5) found that liver slices 
from guinea pigs which had been given an anterior pituitary extract took 
up oxygen and produced acetoacetate at increased rates, but, according 
to Bondy and Wilhelmi (6), purified growth and adrenocorticotropic hor- 
mones, given to rats, did not alter acetoacetate production by liver slices. 

This study shows that the administration of an anterior pituitary prep- 
aration (APP) to fasting rats caused considerable increases in the uptake 
of oxygen and the production of acetoacetate by liver slices from these 
animals; 7.e., increased utilization of endogenous substrates by liver tissue. 
Octanoate added to the medium was rapidly oxidized by the slices, but the 
rate was not altered by the pituitary treatment. Data on the accompany- 
ing mobilization of lipide are presented, and the possible relation of the 
increased metabolic activity of the liver tissue to the activity of the in- 
tact liver is discussed. 


Methods 


Adult female rats of the Wistar strain were sacrificed by stunning and 
were bled from the abdominal aorta. Slices of the liver, 0.3 to 0.5 mm. 
thick, totaling 80 to 100 mg. per flask, were obtained by the method of 
Deutsch (7) and were incubated at 28° with 1.8 ml. of Locke-buffer me- 
dium of the molar composition NaCl 0.051, KCl 0.002, CaCl, 0.001, so- 
dium glycerophosphate 0.067 (Jowett and Quastel, (8)), in the main com- 
partment of Warburg flasks of 15 ml. capacity. The center well contained 
0.1 ml. of 10 per cent potassium hydroxide solution and a slip of filter 
paper. For each liver five flasks were prepared; in three of these the side 
arms contained 0.1 ml. of Locke-buffer medium, and in two, 0.1 ml. of 
0.133 m octanoate solution (final concentration after mixing, 0.007 m). 
The solutions were oxygenated and adjusted to pH 7.4, and the system 
was chilled with ice water until ready for incubation. After gassing with 
oxygen, equilibrating for 15 minutes, and mixing the contents, the oxygen 
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uptake of the system was measured at 15 minute intervals for 2 hours. 
The slices were washed in water and dried to constant weight at 110° to 
give their total solids. The 8-keto acids of the medium, representing 
acetoacetate (Jowett and Quastel (9)), were determined by the aniline 
citrate method (Edson (10)). 

Portions of liver weighing 200 to 250 mg. were dried to constant weight 
at 110°. The remainder of the liver was dried by grinding with anhydrous 
sodium sulfate, and lipide was extracted with chloroform in a Soxhlet 
apparatus for 8 hours. The solvent was evaporated, and the lipide was 
purified by re-solution in petroleum ether. The successive extracts, cleared 
by centrifuging, were transferred to tared 50 ml. Erlenmeyer flasks and 
brought to constant weight. In other experiments the liver was removed 
under amytal anesthesia for the determination of glycogen by the method 
of Good, Kramer, and Somogyi (11). The blood sugar and total ketones 
were determined by the methods of Somogyi (12) and of Greenberg and 
Lester (13), respectively. 

The APP was prepared at 2° as described previously (2); the solutions 
for injection contained 17 to 19 mg. of organic solids per ml. in saline at 
pH 7.5. The APP was found to contain about 4 per cent of growth hor- 
mone and about 1.7 per cent of adrenocorticotropic hormone by Campbell, 
Davidson, Snair, and Lei (14). The control animals were injected with 
equivalent weights of crystalline bovine plasma albumin (BPA), prepared 
by the Armour Laboratories. 


Procedures and Results 


In the first series of experiments the test animals were given subcutane- 
ous injections, twice daily, of APP, and the controls were given BPA, the 
total dose being 17 mg. of organic solids per 100 gm. of body weight (Table 
I). When the period under the influence of the APP was 7 hours, the total 
daily dose was given in a single injection, and when the period was 16 
hours, two injections 8 hours apart were given. The fasting and injections 
were continued up to 5 days, and the animals were sacrificed at intervals. 
In the later experiments the duration of fast before injection was increased, 
while the period under the influence of the APP remained constant (24 
hours). 

Composition of Liver—The treatment of these fasting rats with APP 
increased the weights of the livers in relation to body weight, by increasing 
the amounts of lipide, fat-free solids, and water (Table I). As the length 
of treatment with APP increased, the lipide values became more variable 
and also the increases in lipide and water appeared to have an inverse 
relationship, for, in the early stages of treatment, lipide constituted a 
high proportion of the total increase in fresh liver weight (57 per cent 
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TaBLeE I 
Composition of Livers 
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Female rats (202 to 265 gm., initial weight, prior to fasting) were used. The 
control and test animals were injected subcutaneously with bovine plasma albumin 
(BPA) and anterior pituitary preparation (APP), respectively, 17 mg. per 100 
gm. of initial weight per day. Liver glycogen was determined in a separate ex- 


periment. 
Duration of Liv Liver, 
fast body weight 
Adre-! Kid- 
Final | nal 
blood \glands Fat- Lipide 
rats |Before| After | sugar free 
ist Ist solids 
injec- Per 100 
on tion gm. a 
free solids 3 3 
Per 100 gm. final body weight of liver s Oo 
No injections 
hrs. | hrs. 1p ba mg. | meg. mg. | mg. gm me. 
6 0 0; 97 21 | 729 1072} 143 4.07/181 
5 | 24 0; 79 25 | 716 727| 141 3.33) 0.45 
Control rats, injected with BPA 
2 24 24 63 25 | 711 678) 159 3 52 0.56 
2 24 48 93 24 | 729 645) 143 
3 | 24| 79 26 | 743 693) 1 
3 | 24| 96! 87 30 | 730 662} 141 
3 24 | 120 70 28 | 770 787; 132 
2 24 7 74 26 
2| 16| 72 26 
5| 24] 24] 73 | 22 3.551 0.62 
2 24 48 70 32 
5 24 72 59 35 
3 | 24| 96) 65 42 
3 24 | 120 53 50 
2! 48; 24] 73 27 
2 72 24 60 32 
2; 96| 24)! 63 26 
2; 120) 46 27 


lipide, 35 per cent water after 1 day), while in the later stages the propor- 
tion of the increase due to water rose (27 per cent lipide, 70 per cent water 
after 5 days). The administration of APP increased the percentage of 
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lipide in the livers of the fasting rats, as may be calculated from the data 
of Table I. Owing chiefly to this, the percentage of total solids (fat-free 
solids plus lipide) increased, whereas that of the fat-free solids decreased. 
Fasting alone (BPA-injected rats) increased slightly the percentage of 
lipide in the liver. 

The glycogen of the liver decreased from 4.4 per cent in the fed rats to 
minimal values (about 0.02 per cent) after 1 day of fasting. After the 
glycogen had been depleted by fasting, the administration of APP did 
not restore it (Table I). 

The fat-free solids of the liver decreased precipitately in the Ist day of 
fasting and continued to decline, but at a slower rate, as fasting continued. 
Part of this loss in the Ist day (343 mg. per 100 gm. of body weight) was 
evidently due to loss of glycogen (about 180 mg.) and the balance was pre- 
sumably due to decrease of protein stores. The administration of APP 
after 1 day of fasting arrested this loss throughout the 5 day period of 
fasting and injection, as is shown clearly when the fat-free solids were 
calculated per 100 gm. of initial weight (Table 1). As these changes in 
fat-free solids cannot be entirely accounted for by glycogen, it is indicated 
that the APP exerted a protein-sparing effect on the liver. Previously it 
was found (3) that the administration of APP increased a protein nitrogen 
fraction of the liver relative to the controls. Szego and White (15) found 
that purified growth hormone had a protein-sparing effect on carcass and 
liver in fasting mice. 

Oxygen Uptake and Acetoacetate Production—The average rates of oxygen 
uptake and of acetoacetate production over the 2 hour period are expressed 
as microliters of oxygen and micrograms of acetoacetate per mg. of fat- 
free solids of liver per hour, symbolized by Q& and Qi4, respectively. 
Increases over control values are referred to as ‘‘extra’”’ acetoacetate or 
oxygen. 

Liver slices from fasted control rats took up oxygen and produced 
acetoacetate more rapidly than did slices from fed rats, the largest change 
occurring on the Ist day of fasting (Table I1). The administration of 
APP increased progressively the uptake of oxygen and the production of 
acetoacetate in the fasting rats; so that at the end of 5 days of injection 
the values were 155 and 250 per cent of the control values respectively. 
The ratio of extra acetoacetate to extra oxygen showed a rather indefinite 
tendency to decrease as the duration of treatment increased. 

Since slices were cut from regions which had relatively little connective 
tissue, the values of oxygen uptake and acetoacetate production of the 
liver per 100 gm. of final body weight are probably higher than would be 
obtained if all the liver was sliced and its metabolism measured in vitro. 
Fasting alone reduced the oxygen uptake of the liver in relation to body 
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weight. This reduction was due chiefly to the great loss of fat-free solids 
of the liver, for the Q& values were actually increased by fasting (see 
Tables I and II). The administration of APP progressively increased 
the oxygen uptake of the liver per 100 gm. of rat relative to that of the 
fasting controls and eventually to that of the fed rats also. 


TABLE II 
Effect of Anterior Pituitary Preparation on Metabolism of Liver Tissue 


The oxygen uptake and acetoacetate production of liver tissue from female rats 
(202 to 265 gm. initial weight) injected with APP and from control rats injected 
with BPA, 17 mg. per 100 gm. of initial weight per day. The extra oxygen and extra 
acetoacetate are the differences in the Q values for liver slices from APP- and BPA- 
treated rats. 


Duration of Oxygen Acetoacetate 
ast uptake per production 
No. of rats 0 ff 0 f Extra acetoacetate 100 gm. per 100 gm. 
Before| After |@%4 treatment} O2 AA Extra oxygen final body | final body 
ist in-jist in- weight weight 
jection {jection pet per 
hrs. | hrs. y per wl. ml, mg. 
0 0| 5 (Fed) 6.46 1.42 7.13 1.56 
24 0; 3 8.14 4.23 6.26 3.25 
APP | BPA | APP | BPA | APP | BPA APP | BPA | APP | BPA 
24 7 2 8.63 6.67 6.53 5.06 
24} 16; 2 8.33 6.65 5.92 4.72 
24 | 24] 5 2 | 9.23) 7.79) 7.98) 4.00 2.76 6.34) 5.75) 5.49) 2.95 
24; 48] 2 2 | 9.63) 7.72) 7.35) 4.27 1.61 7.20) 4.99) 5.51] 2.75 
24 72 5 3 |10.04| 7.74) 7.91) 3.68 1.84 7.70} 5.69] 6.08} 2.60 
96| 3 3 {11.50} 7.99) 9.18] 3.66 1.57 8.98] 5.32) 7.09) 2.16 
24; 120); 3 |11.58) 7.44) 8.60) 3.42 1.25 9.35} 5.75) 6.84) 2.54 
48 | 24] 2 2 {10.51} 7.72) 9.30) 4.27 1.80 7.83) 4.99) 6.93) 2.75 
721i 2 3 |10.32) 7.74) 7.49} 3.68 1.47 6.53] 5.69) 4.73] 2.60 
96 24 2 |10.52| 7.99] 7.92) 3.66 1.68 7.24) 5.32) 5.93) 2.16 
120 | 24] 2 3 | 9.80) 7.44) 8.40) 3.42 2.11 6.89) 5.75) 5.85) 2.54 


Fasting for 1 day (controls) increased the acetoacetate production of 
the liver in relation to body weight, and thereafter the values declined 
slowly. Thus the increase in Q{4 due to 1 day of fasting was more than 
sufficient to counteract the considerable loss of fat-free solids of the liver 
which also occurred in this interval (Tables I and II). The administration 
of APP progressively increased the acetoacetate production of the liver 
per 100 gm. of body weight in the fasting rat. 

These increases, caused by pituitary treatment, in oxygen uptake and 
acetoacetate production relative to body weight can be attributed both 
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to the greater oxidative activity of the liver tissue per mg. of fat-free solids 
and to the increased amounts of fat-free solids in the liver. 

Oxidation of Octanoate—The results summarized in Table III show that 
octanoate added to the medium was oxidized rapidly by liver slices from 
fasting rats at a rate which was not altered significantly by the adminis- 
tration of APP. Statistical analysis showed that neither the duration of 
fasting nor the duration of treatment with APP had a significant effect 
on the rate. Thus the statement by Campbell and Davidson (16) that 
treatment with APP increased the oxidation of octanoate must be revised, 
since it is found to be incorrect when proper account is made of the utiliza- 
tion of endogenous substrates. The ratios of extra acetoacetate to extra 


TaBLeE III 
Oxidation of Octanoate by Liver Slices 
Increases in the amounts of oxygen taken up, and of acetoacetate produced, when 
octanoate (0.007 m) was added to the medium containing the liver slices from fasted 


rats. The standard errors are based on variation within the groups indicated in 
Table I. 


Oxidation of octanoate, per mg. fat-free solids of liver per hr. 
No. of a 
Extra oxygen Extra acetoacetate Extra acetoacetate 
uptake, average production, average Extra oxygen 
ul. per ul. 
BPA-injected, 
control 13 2.50 + 0.22* 7.33 + 0.40* 3.02 + 0.18* 
APP-injected, 
test 30 2.68 + 0.17 7.38 + 0.29 2.94 + 0.14 


* Standard error. 


oxygen (Table III) are close to the theoretical value of 3.03 for the oxida- 
tion of 1 mole of octanoic acid to 2 moles of acetoacetic acid with the up- 
take of 3 moles of oxygen, which is in accord with previous reports on 
analogous systems (8, 17). 

These ratios for the oxidation of octanoate by liver tissue are consider- 
ably higher than those obtained following APP without octanoate (Tables 
II and III). 

Effect of Lipide Content—In attempting to determine whether these in- 
- creases in Q¥ and Qi, caused by the APP were due to increased concentra- 
tions of lipide in the liver or to other factors, the amount of lipide in the 
body depots was altered by varying the duration of the fast from 1 to 5 
days prior to the administration of a constant dose of APP. The increase 
_in liver lipide was greatest when the injection of APP was preceded by 
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2 days of fasting, and declined as the duration of fasting before injection 
increased. On the other hand, while the increases in Q& and Q{4{ also 
were greatest after 2 days of fasting before injection of APP, they declined 
only slightly thereafter (Tables I and II). 

The individual values of all the foregoing experiments indicated that 
there was a relation, but not a close one, between increased lipide and 
metabolic activity, and that other factors were probably concerned in the 
stimulation of the metabolic activity of liver tissue by the APP. 

Influence of Glycogen—When octanoate was metabolized by liver slices 
from fed animals, the ratio of extra acetoacetate to extra oxygen averaged 
2.20 (s.e. +0.25 for five cases). This value is significantly lower than those 
obtained with liver slices from fasting rats (Table III) (18). Studies by 
Lehninger (17) and Weinhouse, Medes, and Floyd (19) showed that, when 
octanoate was oxidized by certain liver preparations, the addition of oxal- 
acetate or its precursors caused the appearance of citrate and other com- 
ponents of the Krebs cycle, with reduction in the acetoacetate produced. 
Possibly, therefore, the glycogen in the livers of the fed rats gave rise dur- 
ing incubation of the slices to products such as oxalacetate, with conse- 
quent reduction in the amount of acetoacetate produced per unit of oxygen 
taken up. 

Direct Addition of Anterior Pituitary Extracts to Medium—APP and a 
diabetogenic fraction of the anterior pituitary gland (APE) added sepa- 
rately to the medium, in a number of experiments, did not influence sig- 
nificantly the oxygen uptake or acetoacetate production of the liver slices. 

Other Changes Caused by APP—The weights of the adrenal glands in 
relation to body weight were increased slightly by fasting, and were mark- 
edly increased by the administration of APP. The blood sugar of the 
fasting animals given APP was usually lower, at the time of sacrifice, 
than that of the controls (Table I). Blood ketone values were erratic, 
but tended to be higher in the pituitary-treated rats. The injections of 
APP caused an early and progressive increase in the weights of the kid- 
neys in the fasting rats (Table I). 


DISCUSSION 


The fact that the oxygen uptake of liver slices from fasted rats was 
increased by the administration of APP shows that endogenous substrates 
were utilized at an increased rate. These probably included fatty acids, 
for the production of acetoacetate by the slices was increased, and in 
other experiments (1-3) the APP produced ketonuria and reduction of 
body fat in fasting rats. The possibility that the extra acetoacetate arose 
from the oxidation of amino acids is not excluded, but is not consistent 
with the protein-sparing effect of the pituitary treatment. 
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Whereas the liver slices oxidized added octanoate rapidly, with increased 
production of acetoacetate, the pituitary treatment had no significant 
effect on the over-all rate of the process. It is evident that the mode of 
oxidation of a free fatty acid by liver tissue may not be comparable to that 
of the combined fatty acids of the endogenous lipide, particularly when the 
added fatty acid differs considerably from the majority of the naturally 
occurring acids. 

In the stimulation of liver tissue metabolism caused by APP, less aceto- 
acetate was produced per unit of oxygen utilized than in the oxidation of 
octanoate (cf. the ratio of extra acetoacetate to extra oxygen; Tables II 
and III). This observation suggests that the pituitary treatment may 


have stimulated oxidation of endogenous substrates in addition to fatty’ 


acids. 

The data indicate that the increased activity of liver tissue caused by 
the treatment with APP cannot be entirely ascribed to the increased lipide 
content of the tissue. The differences in the metabolism of liver tissue 
between fed animals and animals fasted 24 hours are consistent with the 
hypothesis that a high glycogen content of the liver cells depresses keto- 
genesis (20, 21). However, during longer periods of fasting the pituitary 
treatment failed to influence liver glycogen appreciably but stimulated 
ketogenesis markedly. 

Stadie, Zapp, and Lukens (22), who discussed methods of determining 
the rate of metabolism of the liver, calculated from the metabolism of liver 
slices in vitro at 37° that the production of ketones by the livers of fasting 
cats amounted to 24 um per 100 gm. of body weight per hour. The pro- 
duction of acetoacetate by the livers of the fasting rats in this investigation, 
calculated from the metabolism in vitro at 28°, was about 22 ym. It is 
probably fair to assume from the present study that the administration 
of APP to fasting rats increased the uptake of oxygen and the production 
of acetoacetate by the intact liver. At least a part of the increased utiliza- 
tion of lipide caused by the administration of APP can probably be as- 
cribed to this. The effect of the APP injections in sparing the protein of 
the liver during fasting may be dependent on the increased utilization of 
lipide by these animals. 

Experiments with purified growth and adrenocorticotropic hormones (6) 
and preliminary experiments with the latter in this laboratory have not 
so far indicated that these factors could fully account for the effects of 
the APP on liver metabolism. 


SUMMARY 


The administration of an anterior pituitary preparation (APP) to fast- 
ing rats increased the uptake of oxygen and the production of acetoacetate 
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by liver slices per mg. of fat-free solids. The evidence indicates that the 
oxidation of endogenous fatty acids of the liver was increased. 

In relation to body weight, fasting alone decreased the oxygen uptake 
and increased the acetoacetate production of the liver tissue in vitro, 
whereas administration of APP markedly increased both the oxygen up- 
take and the acetoacetate production. These effects of APP on liver 
metabolism, in relation to body weight, were due to the increased oxi- 
dative activity of the tissue per mg. of fat-free solids and to increased 
amounts of fat-free solids in the liver. 

Octanoate added to the medium was utilized rapidly, and at the same 
rates, by liver tissue from both the control and APP-treated, fasted rats, 
3 moles of oxygen being utilized per 2 moles of acetoacetate produced. 
Less extra acetoacetate was produced from octanoate per mole of extra 
oxygen by liver slices from fed rats, and also from endogenous substrates 
(without octanoate) by liver tissue from fasted rats given APP. 

The administration of APP increased the amounts of lipide, fat-free 
solids, and water in the livers of the fasting rats relative to body weight 
and also increased the weight of kidneys and adrenals. The increased 
oxidation of lipide appeared to exert a protein-sparing effect on the liver 
during fasting. 


We acknowledge gratefully the encouraging interest of Professor C. H. 
Best in this work. We wish to thank our colleagues for their aid, in par- 
ticular Dr. R. A. Fisher of Cambridge University and Mr. D. B. W. Reid, 
Department of Epidemiology and Biometrics, School of Hygiene, who 
interested themselves in the statistical analysis of the data. The investiga- 
tion was assisted by a grant from the National Research Council of Canada. 
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THE INHIBITION OF TOBACCO MOSAIC VIRUS BY 
SYNTHETIC LYSINE POLYPEPTIDES* 
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WALKER, anv D. W. WATSON 
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(Received for publication, July 5, 1950) 


There are several proteins which reversibly inhibit the infectivity of 
tobacco mosaic virus. It has been shown that some of the most effective 
protein inhibitors, such as ribonuclease (1) and trypsin (2, 3), involve a 
combination of the inhibitor protein with the virus nucleoprotein. Klecz- 
kowski (4) has presented evidence that the combination between proteins, 
or between proteins and nucleic acids, is a fairly general phenomenon and 
can be expected whenever two are mixed at pH values at which they are 
oppositely charged. Such combinations with tobacco mosaic virus were 
shown to produce a decreased infectivity, and under certain conditions to 
give rise to a mutual precipitation of the protein and the virus nucleo- 
protein. 

The precipitation of nucleic acids (5), virus nucleoproteins (6), and 
other proteins (7-9) by the basic protamines and histones has been studied 
extensively. This precipitation is believed to be due to the formation of a 
complex as a result of formation of numerous ionic bonds which hold the 
oppositely charged components together. In the case of a complex formed 
from sodium thymonucleate and protamine, the x-ray data have been in- 
terpreted as a fitting together of the acidic nucleotide column and the basic 
side chain of the extended polypeptide molecule (10). 

Similar bonds could also play a réle in the precipitation and inhibition 
of the infectivity of the nucleoprotein of tobacco mosaic virus, for there is 
evidence that the nucleic acid portion of tobacco mosaic virus is located 
along the outside of the virus particle (11). The properties of the virus- 
inhibitory protein and the speed with which certain proteins from spinach! 
(12) or pokeweed (13) seem to combine with tobacco mosaic virus to re- 
duce its infectivity, as well as the ease with which this inhibition of infec- 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station and supported in part by a grant from the Research Committee 
of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation. 

1 Patterson, E. L., Gangstad, E. O., Wycoff, H. D., Walker, J. C., and Stahmann, 
M.A., unpublished results. 


| 
| 
ia 
& 
2 
ig 
45 
ra 


46 VIRUS-INHIBITORY POLYPEPTIDES 


tivity is reversed, would support the view that the combination involves. 


the formation of ionic bonds. The suppression of the virus activity of 
vaccinia virus by clupeine sulfate (14) and the inhibition of the lytic ac- 
tion of a phage attacking Clostridium madisoni?? by the basic polypeptide 
from thymus (15, 16) would suggest that the combination of acidic virus 
nucleoproteins with the basic groups of such proteins may be a common 
phenomenon. It was therefore decided to include in our studies of the 
inhibition of virus infectivity a test of this concept by investigating the 
effect of a basic synthetic lysine polypeptide similar to those recently de- 
scribed by Katchalski et al. (17) upon the infectivity of tobacco mosaic 
virus nucleoprotein. In this paper we wish to report the preparation of a 
polypeptide of lysine and its action in inhibiting the infectivity of tobacco 
mosaic virus. 
EXPERIMENTAL 


Preparation of Lysine Polypeptides—Several workers have observed that 
the N-carboxyl anhydrides of the amino acids readily undergo polymeriza- 
tion (18-22). Recently, Katchalski, Grossfeld, and Frankel (17) poly- 
merized e-carbobenzoxy-a-carboxyl-L-lysine anhydride by heating to 102° 
and showed that the product was a polypeptide. 

The polymerizations for this study were carried out by dissolving the 
recrystallized e-carbobenzoxy-a-carboxy-L-lysine anhydride (8.35 gm., 27.3 
mM) in dry benzene (225'ml.), adding a given amount of water to serve as 
the initiator of the reaction, and heating the mixture under a reflux for 
about 40 hours. The amount of water added was varied. In one typical 
experiment it was 49.2 mg. (2.73 mM), and in another only 5.4 mg. (0.3 
mM). It was expected that polymerization in an inert solvent with a 
known amount of initiator would allow the formation of a more uniform 
product than would be obtained in the absence of the solvent. In some 
cases, the carbon dioxide evolved was collected in a gas absorption train 
attached to the top of the condenser. This absorption train consisted of 
an absorption tube packed with paraffin shavings and dehydride to absorb 
benzene and water vapor followed by a second absorption tube filled with 
‘“‘ascarite” in which the carbon dioxide was absorbed and weighed at in- 
tervals. Dry, carbon dioxide-free nitrogen was used to sweep the carbon 
dioxide into the absorption train before each weighing. 

The data of Table I show that a much higher initial velocity was ob- 
served for the liberation of carbon dioxide from the reaction mixture con- 
taining 0.10 mole of water per mole of anhydride than from one containing 
only 0.01 mole of water. The first reaction mixture showed separation of 
a solid product within 46 minutes, compared to 120 minutes for the second. 


2 Watson, D. W., Stahmann, M. A., and Bloom, W. L., unpublished results. 
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The velocity of both reactions leveled off to a low value after about 17 hours. 
The decrease in reaction velocity is probably due to the combined result of 
a greatly reduced monomer concentration, causing a decreased propaga- 
tion rate and an increased termination rate, as more of the polymer ex- 
ceeded the solubility threshold and separated from the reaction mixture. 
The voluminous, gel-like mass of solid which had separated from the 
reaction mixture after 41 hours was collected, washed with benzene, and 
then with a low boiling petroleum fraction and dried. The resulting 
preparations were hard, glassy, white amorphous solids. The yield from 
each of the above reactions was 7.0 gm. or 98 per cent of theory. The 


TABLE I 


Carbon Dioxide Evolved during Polymerization of «-Carbobenzoxry-a-carboryl-t- 
lysine Anhydride 


Carbon dioxide evolved from reaction mixture containing 
Reaction time 
0.10 mole H:O 0.01 mole H:0 
hrs. per cent theory per cent theory 
4 38.2 8.3 
6 56.9 19.5 
17 87.0 83.2 
25 91.5 85.6 
44 93.0 88.0 


elementary analysis of the carbobenzoxy-L-lysine polypeptide (97 unit) 
follows: 


Cse6H1754N 1940 294- Calculated, C 63.7, H 6.8, N 10.6 
Found, “ 63.7, “ 6.7, “ 10.3 


The e-carbobenzoxy-.L-lysine polypeptides contain one free a-amino group 
at one end of the chain. Consequently, a determination of the quantity 
of a-amino nitrogen in the polypeptide can be used for estimating the aver- 
age chain-length. The a-amino nitrogen in representative carbobenzoxy- 
L-lysine polypeptides was determined by a modification of the Van Slyke 
manometric method for insoluble proteins (23). The gaseous products of 
the reaction were removed from the auxiliary reaction chamber at inter- 
vals and the partial pressure of the nitrogen determined in the manometric 
apparatus. 70 to 90 per cent of the total a-amino nitrogen was released 
in the first 5 minutes of the reaction with nitrous acid. However, the re- 
action was usually continued for about 30 minutes, at which time the sam- 
ple taken during the last interval showed no increase over the blank for 
the same time. 

These analyses showed that the carbobenzoxy-t-lysine polypeptides 
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from the reaction mixture containing 0.01 mole of water per mole of an- 


hydride contained 0.055 mg. of a-amino nitrogen per 100 mg. of polypep- © 


tide. This corresponds to an average chain length of 97 carbobenzoxy-L- 
lysine residues. The polypeptide prepared from the mixture containing 
0.10 mole of water contained 0.067 mg. of a-amino nitrogen per 100 mg., 
which corresponds to an average chain length of 80 carbobenzoxylysine 
residues. ‘These results show that the polypeptides were larger than ex- 
pected from the amount of water used as initiator, assuming that each 
molecule of water initiates the polymerization of one peptide chain. This 
may indicate that the rate of addition of lysine units to the growing poly- 
peptide chain is greater than the rate of initiation and that the polymeriza- 
tion essentially ceases when the polypeptide chains reach a size which is 
insoluble in the reaction mixture. It should be emphasized that these 
results give only an indication of the average polypeptide chain length, 
and that the products may contain chains shorter as well as longer than 
this average size. It is of interest to note that the size of our polypeptides 
is about three times greater than those prepared by Katchalski, Grossfeld, 
and Frankel (17). These workers showed that the average polypeptide 
chain length, as calculated from the a-amino nitrogen content of the 
carbobenzoxy peptide, agreed well with that determined for the peptide 
itself by the procedure of Sanger (23) with 2,4-dinitrofluorobenzene. 
Thus, elimination of the carbobenzoxy groups did not change the average 
chain length. 

When the carbobenzoxylysine polypeptides were subjected to catalytic 
hydrogenation at atmospheric pressure by using palladium catalysts, car- 
bon dioxide liberation was very slow, and only low yields of water-soluble 
reduction products were obtained. Reduction was accomplished in good 
yields with phosphonium iodide following the procedure of Harrington and 
Mead (24). Dry hydrogen was bubbled through a stirred suspension of 
3.0 gm. of the carbobenxozy polypeptide in 100 ml. of glacial acetic acid to 
which were added about 12 gm. of phosphonium iodide. The mixture 
was maintained at 40° for about 4 hours, after which time the carbon 
dioxide evolution appeared complete. The reaction mixture was then 
filtered to collect the white solid which had separated. This was dis- 
solved in a minimum volume of 90 per cent ethanol and reprecipitated by 
adding several volumes of petroleum ether. This precipitate was col- 
lected and washed with a low boiling petroleum ether fraction. On drying, 
the product began to turn brown, probably due to the liberation of some 
free iodine. Consequently, the reduction products were generally dis- 
solved in water and the solutions analyzed for total nitrogen before use 
in the following biological studies. These solutions gave a strong biuret 
test. 
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Effect of the lysine polypeptides upon the infectivity of a purified tobacco 
mosaic virus preparation was studied by determining the number of local 
necrotic lesions induced in the leaves of the hybrid Nicotiana glutinosa 
< Nicotiana tabacum (25) which had been rubbed with a glass spatula 
moistened with a mixture of the lysine polypeptide and purified tobacco 
mosaic virus. The left half of each leaf was inoculated with the mixture, 
the other half with the virus alone. The leaves were arranged according 
to the Latin-square arrangement (26). From the ratio of the number of 
lesions on four or more opposite half leaves, the degree of inhibition of the 
virus infectivity was calculated. Table II shows the inhibition of virus 
infectivity produced by a mixture of the lysine polypeptides having an 
average estimated chain length of 80 and 97 lysine residues. These data 


TABLE Il 
Inhibition of Tobacco Mosaic Virus Infectivity by Lysine Polypeptides 
The left half of four leaves was inoculated with a mixture containing 12.6 y of 
tobacco mosaic virus per ml. and the lysine polypeptide at the concentration indi- 


cated. The right half, of the same leaves was inoculated with the virus alone, pH 
4.0. 


Concentration of lysine No. of local lesions per 4 half leaves Inhibition of virus 
polypeptide infectivity 
From mixture From virus 
7 N per ml. per cent 

400 52 900 94 
162 235 1420 90 
81 460 1400 68 
42 635 1605 60 
16 710 1185 40 
4 1460 1510 0 


show that the extent of the inhibition decreases as the amount of lysine 
polypeptide is decreased. Above 400 y of polypeptide N per ml., the in- 
hibition of a tobacco mosaic virus’solution containing 12.6 y of virus per 
ml. was almost complete. A concentration of 81 y of polypeptide N per 
ml. produced 68 per cent inhibition, while 16 y gave 40 per cent inhibition. 
Some preparations of the lysine polypeptides were even more active. 
One preparation showed 66 per cent inhibition of the same tobacco mosaic 
virus solution at a level of only 9 y of polypeptide N per ml. The free 
amino acid lysine showed only slight virus-inhibitory action. Over 30 
mg. of lysine per ml. were required to reduce the infectivity of the tobacco 
mosaic virus by 66 per cent. Thus, the lysine polypeptides were several 
hundred times more effective in inhibiting virus infectivity than the free 
amino acid lysine. 
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The virus inhibitory action of the lysine polypeptides was reduced as the 
pH was raised. A preparation which showed 90 per cent inhibition of 
virus infectivity at pH 4 gave 70 per cent inhibition at pH 5, 50 per cent 
at pH 6, and only 30 per cent at pH 7. 

The inhibition of tobacco mosaic virus by the lysine polypeptides was 
reduced by diluting the virus polypeptide mixtures. The data of Table 
III were obtained by mixing a preparation of the lysine polypeptide with 
tobacco mosaic virus at a level such that the infectivity of the virus was 
reduced by 97 per cent. ‘This initial mixture was then diluted with water 
to the concentrations indicated. The mixtures were then assayed for 
virus infectivity. The left half of each leaf was inoculated with the virus- 


TaBLe III 
Effect of Diluting Tobacco Mosaic Virus-Lysine Polypeptide Mixture upon Virus 
Infectivity 

A mixture of tobacco mosaic virus and lysine polypeptide* was diluted to the 
concentrations indicated. The number of lesions produced by inoculating the 
mixture onto four half leaves was compared with those prodyced by the virus alone 
when inoculated at the same concentration to the opposite half leaves, pH 4.0. 


Composition of mixture No. of local lesions per 4 half leaves Inhibition of virus 
infectivity 
Lysine polypeptide Virus From mixture From virus 
> N per mi. y per ml. per cent 
30.4 126 86 3000 97 
15.2 63 202 2500 92 
6.1 25 830 1870 56 
3.0 12 786 1300 40 


*A highly active preparation made by the catalytic reduction of the carbo- 
benzoxy polypeptide. 


polypeptide mixture and the right half with a virus solution of the same 
concentration as the mixture but without the polypeptide. The data of 
Table III show that, by dilution to one-tenth the original concentration, 
the inhibition of a fixed amount of virus by a given amount of the lysine 
polypeptide was reduced from 97 to 40 per cent. Other experiments 
have shown that further dilution reduces the inhibition still more. These 
results suggest that the inhibition of virus infectivity by the lysine poly- 
peptides is a reversible reaction. © 


DISCUSSION 


Although conclusive evidence was not obtained in the work reported in 
this paper that the nucleoprotein of tobacco mosaic virus combines with 
the lysine polypeptide, the reversible inhibition of infectivity would sup- 
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port the view that the virus nucleoprotein does form a complex with the 
lysine polypeptide. The structure of the polypeptide, the speed with 
which infectivity is reduced, and its reversibility would suggest that this 
complex formation involves the formation of ionic bonds between the 
acidic groups of the virus and the basic e-amino groups of the lysine poly- 
peptide. These effects upon the infectivity of tobacco mosaic virus are 
closely analogous to those produced by virus-inhibitory proteins! (12, 13). 
The wide variety of proteins which have been shown to inhibit virus 
activity suggests that the formation of such ionic bonds is important 
in the reversible inhibition of virus infectivity by proteins. The proper- 
ties of the high molecular weight lysine polypeptides indicate that they 
may serve as useful synthetic models for the study of this type of virus 
inhibition. Such studies are being continued with the lysine polypeptides 
and related compounds. The effect of these polypeptides upon other 
viruses is being investigated. 
SUMMARY 


1. The reversible inhibition of the infectivity of tobacco mosaic virus by 
some high molecular weight synthetic lysine polypeptides is reported. 

2. The preparation of a synthetic lysine polypeptide is described. 

3. A possible mechanism for the inhibition of virus infectivity by the 
lysine polypeptides is discussed. 


We wish to thank Mr. H. D. Wycoff for assisting in making some of 
the reductions, and Mr. L. G. Wilson for checking the effect on virus infec- 
tivity. 
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FACTORS INFLUENCING THE COMBINATION OF INSULIN 
WITH MUSCLE FROM NORMAL RATS* 


By WILLIAM C. STADIE, NIELS HAUGAARD, anv JULIAN B. 
MARSHt 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 21, 1950) 


We have previously reported (1, 2) a new phenomenon which is demon- 
strated as follows: A hemidiaphragm from a rat is equilibrated for a short 
period of time (termed the fixation period) in a medium containing insulin. 
It is next thoroughly washed, and then in an assay period equilibrated in a 
medium containing glucose but no added insulin. Invariably, the insulin- 
treated hemidiaphragm utilizes more glucose and synthesizes more glyco- 
gen than its paired untreated control. We attributed this to a chemical 
combination of insulin with structural elements of the muscle, the com- 
bined insulin exerting its characteristic effects on muscle metabolism. 

In our original studies the selection of the concentration of insulin, the 
length of the fixation period, and the concentration of glucose during the 
assay period was somewhat haphazard. We discovered, however, that 
certain effects, such as the unusual ability of the diaphragm of the hy- 
pophysectomized rat to combine with insulin (3), could best be demon- 
strated when the above factors were selected with some care. In order to 
extend our knowledge of the phenomenon, therefore, we designed a series 
of experiments in which the factors enumerated above were systematically 
varied. The results of these experiments constitute the substance of this 
paper. 

Methods 


Normal rats of the Wistar strain were used following 18 to 24 hours fast- 
ing. The rat was killed by decapitation and the diaphragm removed and 
divided into approximately equal halves and used without washing. After 
weighing on the torsion balance, the two hemidiaphragms were placed in 
separate vessels containing medium (25°) and medium plus insulin respec- 
tively. The vessels were agitated for the time specified, removed, and 
drained for 30 seconds. The hanging drop was touched off with filter 
paper. Control experiments showed that about 0.02 ml. of medium was 


* Supported in part by grants-in-aid from the National Institutes of Health, 
United States Public Health Service, and the Insulin Grants Committee of the Lilly 
Research Laboratories. 

+ Postdoctoral Research Fellow of the Nationa) Institutes of Health. 
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retained on the surface of the hemidiaphragm. The hemidiaphragms were 
then washed by agitation for 30 seconds in 25 ml. of medium and drained 
as before. This washing was repeated once. The hemidiaphragms were 
then transferred to separate vessels containing medium plus glucose as in- 
dicated. After gassing with 100 per cent oxygen, the vessels were equili- 
brated at 38° for 90 minutes. The hemidiaphragms were then analyzed 
for glycogen by a slight modification (3) of the Good, Kramer, and Somogyi 
method (4). The composition of the phosphate-saline medium was 0.040 
mM sodium phosphate, 0.087 m NaCl, 0.005 m MgCh, pH 6.8. 

Glycogen is expressed as micromoles of glucose equivalents per gm. of 
wet tissue. The results are given in two ways: (1) as the insulin effect, 
t.e., the final glycogen of the insulin-treated hemidiaphragm less the final 
glycogen of the non-treated paired control; (2) as glycogen synthesis, 1.e., 
the final glycogen less the initial glycogen. The latter was determined in 
a separate series of twenty hemidiaphragms. The mean + s.e.m. was 
14.9 + 0.78 um (glucose equivalents) per gm. of wet tissue. All of the re- 
sults are given in the form of spot diagrams, each spot representing mean 
values obtained on a series of rats, usually five in number. 


Results 


Effect of Varying Time of Fixation and Insulin Concentration 
on Insulin Effect 


These eects are shown in Figs. 1 to 3. The rapidity of combination of 
the insulin with the diaphragm is particularly well shown in Fig. 1. As 
little as 12 seconds exposure are sufficient to give significant insulin effects, 
even when relatively low concentrations of glucose are used during the 
assay period. Increase of glucose concentration during the assay period 
increases the insulin effects for a given amount of insulin bound during the 
fixation period. The amount of insulin bound appears to be the limiting 
factor, since increase of glucose from 0.4 to 1.0 per cent did not result in 
any increase of insulin effect. As the insulin concentration is increased, 
the amount of insulin bound, as indicated by the insulin effect at any given 
concentration of glucose, tends to reach a saturation level, as shown by the 
leveling off of the insulin effect. This is particularly well shown in Fig. 3. 
Here also increase of glucose concentration from 0.1 to 1.0 per cent causes 
a striking increase in the insulin effect on glycogen synthesis. 


Mass Action Effect of Insulin and Glucose 


Two types of mass action effect appear to be operative in the phenome- 
non being studied. The first concerns itself with the time and concentra- 
tion of insulin during the preliminary fixation period. The second mani- 
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fests itself when the concentration of glucose during the assay period is 
varied, the amount of bound insulin being constant. 

The first effect can be shown by the data given in Fig. 4. Assume that 
the bound insulin, denoted by J, is proportional to the extra glycogen syn- 
thesized, z.e., the insulin effect. In general, the maximal amount of in- 
sulin capable of being bound will depend upon the nature of the tissue, the 
nutritional and endocrine status of the animal, etc. Denote it by J maz. 
Then the rate of combination of insulin, dJ/dt, will be proportional to the 
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Fic. 1. The effect of combined insulin on glycogen synthesis by the rat dia- 
phragm. 12 seconds preliminary equilibration with insulin at different concentra- 
tions. 90 minutes assay period (glucose as indicated). 

Fig. 2. The effect of combined insulin on glycogen synthesis by the rat dia- 
phragm. 1 minute preliminary equilibration with insulin at different concentra- 
tions. 90 minutes assay period (glucose as indicated). 


number of tissue loci capable of binding insulin which have not already 
combined with insulin; t.e., J max. — 7. At any given constant concentra- 
tion of insulin, C, we have the equation 


dl 

dt = kC Umax. (1) 
From this by integration we obtain 

I = Imax. (1 — e***) (2) 


Such an equation will give curves of the general form shown in Fig. 4; 
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7.€., rising more or less steeply to an asymptotic maximal value. It also 
explains why the curves with 0.5 and 1.0 unit per ml. are essentially the 
same. For if saturation is practically obtained in 1 minute with 0.5 unit 
per ml., further increase of insulin concentration will not significantly alter 
the course of the curve. 

The general form of the curves shown in Figs. 1 to 3 may also be ex- 
pressed by an equation derived on the basis of similar assumptions used to 
derive Equation 2. In this case, the time of the fixation period remains 
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Fia. 3. The effect of combined insulin on glycogen synthesis by the rat dia- 
phragm. 5 minutes preliminary equilibration with insulin at different concentra- 
tions. 90 minutes assay period (glucose as indicated). 

Fic. 4. The effect of variation of the time of preliminary equilibration with 
insulin on the combination with rat diaphragm. Time of preliminary equilibra- 
tion with insulin varied. Insulin concentrations as indicated. 90 minutes assay 
period at 0.4 per cent glucose. 


constant, while the concentration of insulin is varied. The differential 
equation is then 


dl 
dC max. I) 


from which is obtained J = I max. (1 — e~*'¢), which is the same as Equa- 
tion 2 except that C is the variable rather than ¢. Such an equation ade- 
quately represents the general form of the curves shown in Figs. 1 to 3. 


The level of the asymptote depends upon the value of J max. and the steep- 
ness with which the curve attains this level depends upon kt. 
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Fig. 5 shows the mass action effect of glucose. In this case hemidia- 
phragms with constant amounts of bound insulin were obtained by keep- 
ing the concentration of insulin and the time of exposure during the fixation 
period constant. The diaphragms are then equilibrated with varying con- 
centrations of glucose. In the lower curve, the insulin appears to be the 
limiting factor, since increase of glucose from 0.4 to 1.0 per cent did not 
cause any further increase of the insulin effect. When the bound insulin 
is maximal, as in the upper curve, the mass effect of the glucose is mani- 
fested by the undiminished increase of the insulin effect throughout the 
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Fig. 5. The effect of combined insulin at different concentrations of glucose. 
5 minutes preliminary equilibration with insulin at concentrations indicated. 90 
minutes assay period at different concentrations of glucose. 

Fie. 6. Glycogen synthesis with and without combined insulin. 1 minute pre- 
liminary equilibration with insulin at l.unit per ml. Control without insulin. 90 
minutes assay period at different concentrations of glucose. 


entire experimental range. However, the possibility of saturating the 
enzyme systems concerned with both insulin and glucose is shown by the 
data of Fig. 6. In this case, the glucose concentration was carried up to 
3 percent. The results are expressed in terms of glycogen synthesis rather 
than insulin effect. With maximal bound insulin, synthesis levels off at 
about 30 uM per gm. or 0.6 per cent. This is approximately twice the 
initial value of glycogen. 

We believe that the data and the method of interpretation here presented 
show for the first time the possibility of applying physicochemical concepts 
to the interaction of a hormone with tissue and its resulting effects on meta- 
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bolic processes. The data also illustrate the completion of a reaction of 
insulin in a finite time interval. There is no intention of giving the mathe- 
matical method chosen any primacy over other conceivable approaches. 
As is well known in the field of catalysis, several methods of analysis are 
capable of formulating experimental data equally well. Nor have the 
symbols selected any rigid physicochemical meaning. The analysis pre- 
sented here is intended to be illustrative of a general interpretation. At 
present the method of measuring bound insulin by means of the insulin 
effect is too indirect and inexact. What is needed is an independent 
method of measuring bound insulin directly. This might be achieved in 
the future by the use of radioactive insulin. Until such a method is avail- 
able, we must be content with a semiquantitative but nevertheless illumi- 
nating concept of hormonal-tissue interaction on metabolic processes. 


SUMMARY 


1. The phenomenon of the binding of insulin by rat diaphragm has been 
studied by systematically varying the concentration and time of exposure 
to insulin during the fixation period and concentration of glucose during 
the assay period. 

2. The data obtained can be satisfactorily formulated by means of a 
general equation based on assumptions involving the concept of mass 
action. 
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PHOSPHATE METABOLISM OF THE ISOLATED RAT 
DIAPHRAGM* 


By NIELS HAUGAARD, JULIAN B. MARSH,ft ann WILLIAM C. 
STADIE 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 21, 1950) 


The rat diaphragm has been used extensively for the study of carbohy- 
drate metabolism. Experiments with this tissue have been concerned 
mainly with the uptake of glucose and the synthesis of glycogen. Both 
of these processes are influenced by insulin in vitro. Recently, it has been 
shown that the carbohydrate metabolism of the diaphragm is also in- 
fluenced by pituitary and adrenal cortical hormones. The isolated rat 
diaphragm has thus become a useful test system for the study in vitro of 
the mechanism of action of these hormones. 

However, little is known concerning the changes in the pools of inter- 
mediary metabolites in the diaphragm during equilibration in vitro and 
the possible effects of insulin on these. In the present study changes in 
the pools of glycogen and phosphorylated metabolites have been deter- 
mined in rat diaphragms equilibrated in vitro with and without insulin. 


Methods 


Rats of the Wistar strain were used. The diaphragms were removed 
and weighed on a torsion balance. They were equilibrated in a phosphate- 
saline medium at 38° in the presence of 100 per cent oxygen. Depending 
on the type of experiment, glycogen, inorganic phosphate, acid-labile phos- 
phate, or total acid-soluble phosphate was determined at the end of the 
equilibration period. 

Glycogen was determined by a slight modification (1) of the method of 
Good, Kramer, and Somogyi (2). The analyses for phosphate were car- 
ried out on a protein-free filtrate obtained by grinding the tissue in ice- 
cold 5 per cent trichloroacetic acid and filtering. Inorganic phosphate 
was determined by the method of Lowry and Lopez (3). With this method 
inorganic phosphate can be determined in the presence of labile phosphate 
esters. Acid-labile phosphate was determined after 10 minutes hydrolysis 
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in 1 N HCl at 100° and total acid-soluble phosphate after digestion in con- 
centrated sulfuric acid. 


Results 


Utilization of Glycogen—The problem of the extent to which the stores 
of glycogen are utilized by the diaphragm when it is equilibrated in vitro 
was studied. Hemidiaphragms from fasted and fed rats were equilibrated 
for 2 hours in a phosphate-saline medium without added substrate in the 
presence and absence of 0.5 unit of insulin per ml. and the final glycogen 
determined. A piece of each diaphragm was removed prior to the experi- 
ment for the determination of the initial glycogen content. The medium 
had the following composition: 0.040 m sodium phosphate, 0.087 m NaCl, 
0.005 m MgCl, pH 6.8. 

In thirty-two experiments with diaphragms having an initial glycogen 
content varying from 5.9 to 38.1 um of glucose equivalents per gm. of 
wet weight (mean 21.2) there was a decrease in glycogen of 2.3 + 0.98 
uM per gm. per 2 hours. There was no significant effect of insulin on the 
disappearance of glycogen. 

It is apparent that the diaphragm draws upon its store of glycogen to a 
very limited extent when equilibrated in the absence of substrate. If 
the glycogen utilized is oxidized, it would correspond to an oxygen uptake 
of 13.8 um per gm.; yet the oxygen uptake of an isolated diaphragm is ap- 
proximately 100 um per gm. per 2 hours. It appears that under the con- 
ditions of these experiments metabolites other than glycogen provide the 
main source of energy. As will be shown subsequently, phosphorylated 
intermediates may be utilized by the diaphragm. 

Phosphate Metabolism of Isolated Diaphragm—Changes in the concen- 
trations of inorganic phosphate, acid-labile phosphate, and organic ester 
phosphate were determined in diaphragms equilibrated in medium con- 
taining glucose. Two hemidiaphragms from rats fasted 24 hours were 
equilibrated at 25° for 1 minute in 0.15 m sodium chloride containing 1 
unit of insulin per ml. They were washed twice in 25 ml. of saline, blotted 
lightly on filter paper, and transferred to a vessel containing 4 ml. of me- 
dium of the following composition: 0.121 m NaCl, 0.001 m sodium phos- 
phate, 0.0001 m MgCl, and 1 per cent glucose, pH 6.8. The two paired 
control hemidiaphragms were carried through the same procedure except 
for the omission of insulin in the fixation period. After 60 minutes equili- 
bration at 38° the experiment was terminated by the addition of ice-cold 
trichloroacetic acid to give a final concentration of 5 per cent. Inorganic 
phosphate, acid-labile phosphate, and total acid-soluble phosphate were 
determined. All figures were corrected for the amount of phosphate initi- 
ally present in the medium. The initial concentrations of the different 


CI 

ti 

p 

0. 

M 

M 

h 

p 

T 

m 

No 

Ir 

A 

ks 

ac 

p 

in 

fi 

a 

p 

in 

di 

cr 

ac 

Cs 


N. HAUGAARD, J. B. MARSH, AND W. C. STADIE 61 


phosphate fractions were determined separately in a group of diaphragms, 
carried through the same washing procedure but analyzed immediately. 
The results are given in Table I. 

The composition of the medium and the insulin concentration were 
chosen so that a large effect of insulin on glycogen synthesis would be ex- 
pected. The mean insulin effect on glycogen synthesis under the condi- 
tions of these experiments was found in three separate experiments to be 
10.6 + 0.90 um of glucose equivalents per gm. 

It may be seen that during the equilibration of the diaphragm inorganic 
phosphate is produced. There is a small decrease in the concentration of 


TABLE I 
Metabolism of Phosphorylated Intermediates in Rat Diaphragm Equilibrated in Vitro 
in Presence of Glucose 
Exposure to insulin, 1 minute, 1 unit per ml. Two washings for 30 seconds in 
0.15 m NaCl. Equilibration, 60 minutes at 38°. Gas phase, 100 per cent oxygen. 
Medium (4 ml.), 0.001 m sodium phosphate, 0.0001 m MgCle, 0.121 m NaCl, 0.055 
mM glucose (1 per cent), pH 6.8. Inorganic phosphate, phosphate after 10 minutes 


_ hydrolysis in 1 Nn HCl at 100°, and total acid-soluble phosphate measured. Ester 


phosphate = acid-soluble organic phosphate minus acid-labile organic phosphate. 
The values, + s.e.m. (corrected for added inorganic phosphate), are recorded as 
micromoles per gm. of wet weight of tissue. 


Initial Final, no insulin Final + insulin 
No. of 4 8 
12.6+0.39 18.6+40.63 18.0 + 0.75 
Acid-soluble organic P........ 26.4 + 0.51 23.3 + 1.26 24.9 + 1.30 
Acid-labile organic P........... 15.8 + 0.41 14.3 + a 11.38 + 1.08 
10.6 + 0.25 90+ 1.14% 13.6 + 1.61 


acid-labile phosphate (presumably adenosinetriphosphate and creatine 
phosphate). When the insulin-treated diaphragm is compared to its non- 
insulinized control, it is seen that there is no significant difference in the 
final concentrations of total acid-soluble organic phosphates, but there is 
a change in the relative amounts of acid-labile phosphate and ester phos- 
phate. The formation of phosphate esters appears to be increased by 
insulin at the expense of acid-labile phosphate. 

In Table II the mean effects of insulin on the final concentrations of the 
different phosphate fractions are given. Insulin causes a significant in- 
crease in the content of ester phosphate, while the final concentration of 
acid-labile phosphate is significantly lowered in the insulinized diaphragm. 

Utilization of Phosphorylated Intermediates—Identical experiments were 
carried out with diaphragms equilibrated in vitro in a medium containing 
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no substrate. Fed rats were used in these experiments in order to obtain 
diaphragms with an appreciable initial concentration of glycogen. 

The results of the experiments recorded in Table III indicate that (1) 
in the absence of added substrate the diaphragm is able to maintain its 
store of acid-labile (high energy) phosphate, (2) the diaphragm utilizes 
its initial store of ester phosphate during equilibration in vitro, and (3) 


TaBLeE II 
Effect of Insulin in Vitro on Phosphorylated Intermediates of Rat Diaphragm 


Paired differences in the phosphate fractions in insulinized and control dia- 
phragms after 1 hour’s equilibration at 38°. Experimental conditions described 
in Table I. The values are the means of eight experiments. 


A inorganic P A acid-labile P A ester P 4 ——— 
Mean insulin effect 
+ 8.¢.m., uM per 
—0.6 + 0.45 —-3.0 + 1.164+4.6 + 1.19 +1.7 + 0.81 
1.3 2.6 | 3.9 3.1 
>0.05 0.05 — 0.01) 0.01 — 0.001; >0.05 
TABLE III 


Metabolism of Phosphorylated Intermediates in Rat Diaphragm Equilibrated in Vitro 
in Absence of Substrate 


Exposure to insulin, 1 minute, 1 unit per ml. Two washings for 30 seconds in 
0.15 m NaCl. Equilibration, 60 minutes at 38°. Gas phase, 100 per cent oxygen. 
Medium (4 ml.), 0.001 m sodium phosphate, 0.0001 m MgCle, 0.148 m NaCl, pH 6:8. 
The analytical values, + s.e.m., are recorded in micromoles of phosphate per gm. 
of wet weight of tissue (corrected for added inorganic phosphate). 


Initial | Final, no insulin | Final + insulin 
} 
No. of experiments........................ 4 | 6 6 
15.2 + 0.69 | 17.14 0.49 | 18.6 + 1.05 
Acid-soluble organic P......... 25.5 + 0.35 | 24.44 0.85 | 22.0 + 1.52 
Acid-labile organic P........... 14.0 + 0.56 | 16.6 + 0.74 | 16.0 + 1.02 
ie Pe ee | 11.5 + 0.36 | 7.8 + 0.87 6.0 + 0.94 


insulin has no significant effect on the final composition of the pool of 
phosphorylated metabolites. 


DISCUSSION 


Several conclusions about the metabolism of the isolated rat diaphragm 
may be drawn from these experiments. It is apparent that the diaphragm 
has a marked ability to maintain its stores of high energy phosphate com- 
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pounds, as represented by the acid-labile phosphate content. There is 
very little change in this fraction during equilibration in vitro in the pres- 
ence or absence of substrate. In the presence of glucose, insulin causes a 
llarge increase in glycogen synthesis and a highly significant increase in the 
.pool of ester phosphate. However, the content of acid-labile phosphate 
is only slightly decreased. We conclude from this that there has been a 


_ greatly increased turnover of high energy phosphate in the presence of 


insulin. This is in accord with evidence obtained by the use of radio- 
active phosphate (4). 

The increase in the pool of ester phosphate observed in the presence of 
insulin explains to a certain extent the observation that the effect of insulin 
on glucose uptake by the diaphragm is usually greater than its effect on 
glycogen synthesis. 

In the absence of substrate the phosphorylated compounds are metabo- 
lized to an appreciable extent. Under these conditions the diaphragm ap- 
parently draws upon its stores of ester phosphate for its supply of energy. 

The ability of the diaphragm to maintain its store of high energy phos- 
phate during equilibration in vitro is extraordinary. The ease with which 
an effect of insulin on carbohydrate metabolism can be determined in this 
tissue may be related to this property. However, the mechanism by which 
insulin alters the metabolism of the diaphragm remains obscure. 


SUMMARY 


Changes in the pools of glycogen and phosphorylated intermediates 
have been determined in rat diaphragms equilibrated in vitro. The fol- 
lowing observations have been made. 

1. When the diaphragm is equilibrated in the absence of substrate, 
there is only a small decrease in its glycogen content. There is, however, 
a decrease in the phosphate ester component of the metabolic pool. 

2. In the presence of glucose, insulin favors the formation of ester phos- 
phate at the expense of acid-labile phosphate (adenosinetriphosphate and 
creatine phosphate). 

3. The rat diaphragm has an extraordinary ability to maintain its store 
of acid-labile (high energy) phosphate when equilibrated in the presence 
or absence of glucose. 
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A CRYSTALLINE BEAN SEED PROTEIN IN COMBINATION 
WITHLE PHYTIC ACID 


By JAQUES BOURDILLON 


(From the Division of Laboratories and Research, New York State Department 
of Health, Albany, New York) 


(Received for publication, October 5, 1950) 


A protein combined with phytic acid has been extracted trom the dried 
seeds of Phaseolus vulgaris, variety Great Northern, by the tollowing 
method. 

Extraction—100 gm. of bean flour were stirred with 100 ml. of N NaCl, 
followed by 800 ml. of water. The suspension was centrifuged and the 
sediment discarded. The pH of the turbid supernatant solution was low- 
ered to 4.6 with about 7.0 ml. of N HCl, which produced a precipitate. 
The suspension was heated to 50° and the precipitate was removed by 
centrifugation. The pH of the supernatant fluid was lowered to 4.2 with 
about 4.0 ml. of N HCl, followed by | volume of water. The precipitate 
formed was collected by centrifugation and dissolved in 40 ml. of N NaCl, 
and the solution clarified by filtration ina Biichner funnel, through coarse 
paper covered with Filter-Cel, with the help of moderate suction (to avoid 
frothing and clogging). To the filtrate were added 400 ml. of water and 
the precipitate thus produced was collected by centrifugation. 

Crystallization at pH 4.0—The precipitate was dissolved in 200 ml. of a 
buffer solution made from 3 volumes of N NaCl, | volume of N sodium 
acetate, 3 volumes of N acetic acid, and | of water. The solution was 
warmed to 50°, about 120 ml. of warm methanol were slowly added to it, 
and the container was placed in a bucket filled with water at 50° and al- 
lowed to cool slowly at room temperature. After 12 to 24 hours, the ma- 
terial ervstallized in the form of elongated dodecahedra with = slightly 
rounded edges (Fig. 1, left). “Fhese crystals were strongly anisotropic. 
Reervstallization was carried out several times by the same method. The 
material was finally dialyzed against distilled water and dried from the 
frozen state. The vield was 4 gm. 

Crystallization at pH 5.3—1 em. of the above powder was dissolved in 
200 ml. of 0.6 8 NaCl, the pH was adjusted to 5.3, and 100 ml. of methanol 
were added. “Phe amorphous precipitate thus produced changed in a tew 
hours at room temperature into rather coarsely shaped bisphenoids (Fig. 
1, right), which were not birefringent. Microscopie quadrangular bipyra- 
mids of sharp outline formed when the amorphous precipitate was allowed 
to stand under a cover-slip. These two ervstalline forms and the absence 
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of birefringence show that under these conditions the protein crystallized 
in the cubic svstem. 

General Propertics—Vhe material prepared at pil 4.0 or 5.3 had the 
general properties of a protein. In the dry state it was a white powder 
which dissolved easily in water at pH above 7 or below 3.5 and vielded 
clear, faintly vellowish solutions. Between pH 7 and 3.5 it required a 
salt molarity of O.1 to O4 for solution. It was precipitated by aleohol or 
acetone and could be dried with these solvents without denaturation. — I 
Was irreversibly precipitated by trichloroacetic acid and by boiling. 

The complex nature of this material was first shown in the following 
observation. When the protein prepared by crystallization at pil 4.0 was 


Fic. 1. Left, phytie acid-protein complex erystallized in the form of anisotropic 
dodeeahedra at pH 4.0; * 100.) Right, the protein alone in the form of isotropic 
sphenoids at pH 5.3; % 150. 


heated to boiling in buffers of various pIT and of O.OL tonic strength, i 
remained insoluble in the pH range of approximately 4 to 6.5, and showed 
maximum flocculation at 5.0. If the lonie strength was O.1, the substance 
first dissolved fairly easily, but soon precipitated as the temperature was 
raised; there were three flocculation maxima at pil 4.0, 5.0, and 5.6, 
respectively; the first two appeared as the temperature neared the boiling 
point, the third one only upon cooling. Finally, in buffers of 1.0) ionte 
strength, turbidity and flocculation occurred only upon boiling, and only 
below pH 4.2. 

Chemical Analysis Preparation 1, obtained by crystallization pil 
1.0, gave the following information: carbon (Van Sivke and oleh) 19.8 
per cent, nitrogen (xjeldahl) 15.7 per cent, carboxyl nitrogen (Van Slyke) 
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0.17 per cent, phosphorus (phosphomolybdate) 0.487 per cent, sulfur 
(Carius) 0.30 per cent, sugar (carbazole) 4.8 per cent, and ash 0.44 per 
cent. Preparation IIA, obtained by the same procedure, contained 0.478 
per cent phosphorus and 4.3 per cent total sugar. Preparation IIB (which 
was Preparation IIA crystallized twice at pH 5.3) gave 0.122 per cent 
phosphorus and 4.5 per cent total sugar. 

Complete removal of the phosphorus was not achieved by repeated crys- 
tallization at pH 5.3, but only by prolonged dialysis in a slightly alkaline 
medium. Dialysis was also the simplest way of isolating the phosphorus- 
containing fraction; procedures causing the precipitation of the protein 
were found less suitable because most of the phosphorus was precipitated. 

Isolation of Phytic Acid—2.5 gm. of the protein crystallized at pH 4.0 
were dissolved in 10 ml. of water, followed by enough NaOH to bring the 
pH to about 8. The solution was dialyzed for several days against 250 
ml. of water. The dialysate was treated with BaCl, solution added drop- 
wise until no more precipitate formed. The precipitate was sedimented, 
washed with water, suspended in 5 ml. of water, and dissolved with a few 
drops of N HCl. The barium was precipitated with an excess of H.SO,, 
and the supernatant solution made alkaline to pH 10.5 with NaOH and 
treated with 3 volumes of methanol. The precipitate formed was washed 
in 80 per cent methanol, followed by pure methanol and dried at 120°. 
The white powder was readily soluble in water and gave negative tests for 
nitrogen and carbohydrates (carbazole and Molisch tests). The carbon 
and phosphorus content was as follows: 


CoH Calculated. C 7.80, P 20.14 
Found. ** 7.98, ** 20.14 
Calculated. C 7.36, P 19.02 


The results are in agreement with the assumption that the phosphorus 
was obtained as anhydrous sodium phytate. The isolation of inositol was 
not attempted for lack of sufficient material. 

Recombination of Phytic Acid and Protein—Crystallization of the pro- 
tein at pH 5.3 took place as easily when the original phytic acid was still 
present as when it had been completely removed by dialysis. Crystalliza- 
tion in the form of dodecahedra at pH 4.0, on the other hand, was never 
achieved in the absence of phytic acid. If a sample of the complex ob- 
tained at pH 4.0 was caused to crystallize at pH 5.3, and if the crystals 
and the mother liquor were then acidified to pH 4.0 and treated with more 
methanol, all of the phytic acid was carried down with the protein. The 
precipitate, dissolved in buffer at pH 4.0, could then be made to crystallize 
again in the form of dodecahedra. The crystals, however, were usually 
accompanied by a variable amount of amorphous matter, some of which 
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proved to be irreversibly precipitated. That time played a part in the 
success of the operation was shown by the following example: 50 mg. of 
Preparation II were suspended in 5 ml. of water, dissolved by making the 
solution alkaline to pH 7.7 with NaOH, and allowed to stand at room 
temperature. 1 ml. samples were removed at intervals and acidified with 
HCl to pH 5.4, which precipitated all of the protein and all of the phos- 
phorus. ‘The sediments were then dissolved in acetate buffer and treated 
by the method described for crystallization at pH 4.0. The results are 
shown in Table I. 

Recrystallization at pH 4.0 was similarly performed by mixing the phos- 
phorus-free protein with its own dialysate, with the sodium phytate ex- 
tracted from it, or with commercial sodium phytate. In general, the 
results were better with phytic acid added in considerable excess, but the 
appearance of amorphous matter could not be avoided. The formation 
of non-protein nitrogen or of inorganic phosphorus was never observed. 


TaBLeE 
Time left at | Crystallization at pH 4.0 

pH7.7 
| ist attempt 2nd attempt 

min. | 

8 All amorphous All erystalline (dodecahedra) 
30 | - 7 Crystals and some amorphous matter 
295 | Mostly amorphous, with few large crystals 


Dissociation Curve—F ig. 2 shows (Curve I) the acid- and base-binding 
power of the original complex, (Curve II) of protein twice crystallized 
at pH 5.3 and deprived of most of its phosphorus, and (Curve III) of 
protein after complete removal of phosphorus. ‘The protein solutions, of 
approximately 3 per cent concentration in 0.5 N KCl, were treated with 
increasing amounts of 0.075 n HCl or KOH in 0.5 n KCl. The data are 
corrected for the titration of the solvent. Measurements were made with 
the glass electrode. The apparent isoelectric point of the complex is about 
pH 4.8, that of the protein alone about 7.1. The phosphorus-free protein 
possesses but little base-binding power. 

The difference between Curves I and III along the ordinates is about 
twice that to be expected from the base-binding power of phytic acid alone 
(1, 2). This discrepancy cannot be considered significant, however, since 
the difference would be considerably affected by a slight systematic error 
in the position of either curve. 

Molecular Weitght—The molecular weight of the original sample was 


‘ 
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studied by the osmotic pressure method (3). Protein concentrations 
ranged from 0.7 to 2.4 per cent in 0.2 to 0.5 m buffers. The pressures read 
ranged from 10 to 45 mm. of toluene. The results, corrected by —1.7 
per cent to give the molecular weight of the protein without phytic acid, 
are shown in Table II. The mean molecular weight at neutrality was 


2 


ACID 


ALKALI 
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MILLIEQUIVALENTS BOUND PER GRAM 


Fig. 2. Acid- and base-binding power of phytic acid protein measured in 0.5 N 
KCl. Phosphorus content, Curve I, 0.48 per cent; Curve II, 0.13 per cent; Curve 
III, none. 


TaBLeE II 


Molecular Weight of Phytic Acid Protein Obtained from Osmotic Pressure 
Measurements at Various pH Values 


pH 
} 
mol. wt. mol. wt. 
2.4 150 ,000 | 5.7 282 ,000 
3.3 211,000 174,400 + 2900* 
3.9-5.1 600,000 (Approximately) | 8.8 | 167 ,000 


* Standard deviation of mean of five measurements. 


174,000. It rose to several times this value in the pH range of 3.9 to 5.1, 
and decreased again in more acid medium. Between pH 3.9 and 5.1, the 
results were erratic and suggested that the substance was not in a stable 
state of aggregation. Four attempts to measure the osmotic pressure of 
the phosphorus-free protein between pH 4 and 5 failed; the pressures 
observed were negligible and indicated considerable aggregation. Thus 
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phytic acid cannot be held responsible for the polymerization of the pro- 
tein at pH 4 to 5. 

High speed centrifugation and electron microscopy offered confirmatory 
evidence for the aggregation of the protein in moderately acid medium. 
Centrifugation of a 1 per cent solution in phosphate buffer, pH 7.35, for 
70 minutes at 39,000 r.p.m. in an angle centrifuge yielded no sediment, 
whereas an appreciable gelatinous sediment, devoid of birefringence, 
formed under the same conditions in mM acetate buffer, pH 4.2. Electron 
microscopy failed to reveal visible particles in a slightly alkaline water 
solution of the protein, whereas irregular masses were seen in a prepara- 
tion buffered at pH 4. 

From the sulfur content of 0.30 per cent, the minimum molecular weight 
would be 10,700, or one-sixteenth of 174,000. The phosphorus content of 
0.48 per cent in the original material gives a molecular ratio of phytic 
acid to protein of 4.5:1. 

Viscosity—The relative viscosity of the original complex was measured 
in 0.8 n KCl at 35° in an Ostwald type viscosimeter. At pH 5.0 the values 
were 1.87, 1.24, and 1.11 in concentrations of 10, 4, and 2 per cent, re- 
spectively. The reciprocal of these values (fluidity), plotted against con- 
centrations, yields the straight line observed with most proteins (4). At 
pH 7.95 in 4 per cent concentration, the relative viscosity was 1.25; at 
pH 4.25, 1.24. The constancy of this value suggests that the polymeriza- 
tion which takes place at pH 4 to 5 is not chain-like, since this would be 
expected to cause considerable increase in viscosity (5). 


DISCUSSION 


Most of the phosphorus of seeds is in the form of phytic acid (1, 6-9), 
and the ability of this acid to combine with animal as well as with plant 
proteins has been studied by several investigators (1, 7, 8). No crystal- 
line complexes, however, seem to have thus far been reported. This 
property is not characteristic of phytic acid alone; Courtois and Barré 
(10) have shown that a purified almond protein, conamandin, forms simi- 
lar complexes with orthophosphoric and pyrophosphoric acids, and with 
a number of phosphoric esters. 

The structure of phytic acid is not definitely established, and the state 
of the phosphoric acid in it is uncertain. Courtois and Masson (11) 
favor the view that phytic acid contains 3 molecules of hydroxyphosphoric 
acid, HgsP20, (= 2H;PO, + H:.0O), rather than 6 of orthophosphoric acid, 
which would give it eighteen acid valences, and they suggest that the 
orthophosphoric structure may form during desiccation of the free acid 
or of acid salts through the loss of 3 HO. (However, the C and P per- 
centages of the phytate isolated here by precipitation from an alkaline 
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solution are in agreement with the orthophosphoric structure.) This un- 
certainty, and the possible structural lability of the acid, are mentioned 
because of the difficulties encountered here in attempting to recombine the 
dissociated protein-phytic acid complex. 

The fact that this complex formed crystals at a different pH and of a 
different type from those of the protein alone indicates that it has a defi- 
nite composition and is more specific, e.g., than the combination of crystal- 
line ovalbumin with metaphosphoric acid (12). The apparent partial 
degradation with time of the phytic acid separated from the protein, and 
the need for an excess of the acid when attempts are made to recombine 
it with the protein to yield a crystalline product, suggested that only part 
of the acid remained in a state suitable for crystalline recombination. It 
has also been mentioned above that attempts at recombination produced 
variable amounts of insoluble protein. Since the protein, deprived of its 
phosphorus, appeared by the usual standards to be but little susceptible to 
denaturation, this insoluble fraction may have represented an irreversible 
combination in which the phytic acid was in a different state from that 
which yielded the crystalline complex. These observations suggest that 
the complex may have preexisted in the seed and was not an artifact of 
preparation. 


SUMMARY 


A new protein in combination with organic phosphorus has been ex- 
tracted from the seeds of Phaseolus vulgaris. Experimental evidence is 
in agreement with the assumption that the phosphorus is present as phytic 
acid (inositolhexaphosphoric acid). The phytic acid-protein complex, 
the phosphorus content of which was 0.48 per cent, was crystallized at 
pH 4.0 in the form of anisotropic dodecahedra, and the protein alone at 
pH 5.3 in the form of isotropic bisphenoids and quadrangular — 
The yield was 4 gm. of protein per 100 gm. of flour. 

The molecular weight of the protein (from osmotic pressure measure- 
ments) was 174,000 in neutral medium, and approximately the same value 
at pH 2.4. At pH 4 to 5 the mean molecular weight was much higher; 
the existence of aggregation in this range was confirmed by high speed 
centrifugation. 

The difficulties attending crystalline recombination in vitro of the pro- 
tein with its original phytic acid or with commercial phytic acid suggested 
that the complex exists as such in the seed and is not an artifact of prepara- 
tion. 
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EFFECTS OF pH, BICARBONATE, AND COFACTORS ON THE 
METABOLISM OF BRAIN SUSPENSIONS 
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As far as we are aware, no previous studies on the effects of pH on an- 
aerobic glycolysis of brain slices or suspensions in physiological media 
have been reported. Warburg et al. with carcinoma slices (1, 2) and Bird 
and Evans with bone marrow suspensions (3) found the rate increasing 
with pH from 6.4 to 7.4. 

With various tissues, Dickens and Simer (4) found about the same 
rates of respiration in bicarbonate- and in phosphate-buffered media. 
Others have reported greater rates of respiration (5-8) and glycolysis 
(9, 8) in bicarbonate medium, and Craig (10) has noted varying effects 
of carbon dioxide tension in brain cortex and medulla, depending on the 
pH. Stimulation of liver glycolysis by phosphate and by bicarbonate has 
been reported (11). In none of the previous work was the change in pH 
of the medium noted. Phosphate has considerably less buffering capac- 
ity than the bicarbonate buffer in an equivalent concentration. The 
most marked apparent acceleration by bicarbonate buffer was obtained 
with retina (7, 8), a tissue which very actively produces lactic acid aero- 
bically as well as anaerobically and would cause considerable lowering of 
the pH in the phosphate-buffered medium. Most of the previous experi- 
ments were carried out in complete Ringer type of solutions with added 
buffer. Phosphate would precipitate calcium from such a medium and 
it is known that lack of calcium ion causes initial stimulation of respira- 
tion but allows the rate to fall off more rapidly (12, 13). 

In a previous communication (14) it was shown that the respiration rate 
of brain suspensions shows an optimum at pH 7.0 to 7.5. With brain 
slices, maximum respiration rates occur in media of pH 9 or higher, but 
it was shown that the hydrogen ion concentration of a slice itself is not 
the same as that of the suspending medium. Warburg (15) calculated 
that the carbon dioxide tension in the inner layers of a respiring slice is 
about 3 per cent of an atmosphere higher than in the surrounding medium. 
It is thus evident that effects of pH and carbon dioxide on tissue metabo- 
lism cannot be properly assessed from studies on slices. 

The present communication gives the results of carefully controlled 
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studies on the effects of pH on glycolysis and of carbon dioxide-bicarbonate 
buffer on respiration and glycolysis of isotonic suspensions with brain 
tissue. Some observations on cofactors in relation to the metabolism of 
these suspensions are also presented. 


Methods 


Suspensions of whole brain tissue from adult male rats were prepared 
by light homogenization in warm modified buffer-free Ringer’s solution. 
When experiments with phosphate buffer were involved, calcium was 
omitted! from all the media. The suspension was adjusted to about pH 
7.4 with drops of 0.15 N sodium hydroxide solution. For experiments 
in bicarbonate-buffered medium, samples of the suspension received suf- 
ficient 0.154 m sodium bicarbonate solution to give the required final pH 
in each, and the total volumes and tissue concentrations of the different 
samples were equalized by additions of 0.154 m sodium chloride.? For 
the experiments in phosphate-buffered medium, the neutralized unbuf- 
fered suspension was pipetted into the Barcroft vessels, and isotonic so- 
dium-phosphate buffer-saline mixture of the composition required to give 
the desired final pH in each vessel was tipped in from the side bulbs. 
When pyruvate was added, its final concentration was 2 mm, which is 
more than sufficient to maintain maximum acceleration or glycolysis (17). 
For studies on bicarbonate effects, all the solutions other than bicarbonate 
were prepared CO.-free. 

In anaerobic experiments low concentrations of tissue were used in 
order to minimize pH changes during the experimental period. The sus- 
pensions were shaken at 38° in Barcroft or Dixon-Keilin vessels which were 
filled with oxygen, nitrogen (oxygen-free), or mixtures of these with car- 
bon dioxide, as required to give the desired pH. When glycolysis in bi- 
carbonate- and phosphate-buffered suspensions was compared, lactic acid 
was determined in both media by the method of Barker and Summerson 
(18) on the contents of identically set up vessels at the beginning and the 
end of the experimental period; otherwise, glycolysis was determined man- 
ometrically in bicarbonate-buffered suspensions, chemically in phosphate- 
buffered suspensions. 

With phosphate-buffered suspensions, the final pH was determined on 


1 Omission of Ca*t* causes only slight acceleration of the respiration. of these 
suspensions when Mg** is present. With cortex slices (12), and with suspensions 
in Mgt*-free medium (13), omission of Ca** causes considerable initial accelera- 
tion. 

*The final composition of the medium was KCl 0.005 m (CaCl, 0.0025 m) 
NaH:2PO, 0.0012 m, MgSO, 0.0012 m, and, at pH 7.37, NaCl 0.12 m and NaHCO, 
0.025 m. These concentrations approximate the averages for spinal fluid (16). 
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the vessel contents with a glass electrode rapidly at the end of the experi- 
mental period just before deproteinization with trichloroacetic acid. The 
initial pH was sometimes determined at zero time on the contents of ves- 
sels set up exactly as the experimental vessels, but in a number of experi- 
ments it was calculated from the final pH and the amount of lactic acid 
produced during the experimental period. Experiments showed that lac- 
tic acid production could account for the pH change occurring under these 
conditions. With bicarbonate-buffered suspensions, the initial and final 
pH values were calculated from the bicarbonate concentration and carbon 
dioxide tension, allowing for vapor pressure. Corrections were applied 
for the manometrically determined increase in free carbon dioxide in the 
gas phase and the decrease in bicarbonate in solution during the experi- 
mental period, and for the small amount of lactic acid, estimated from 
other experiments, which was produced after neutralization but before 
zero time.* In order to maintain the pH in the lower range with bicarbon- 
ate buffer, 10 per cent carbon dioxide instead of 5 per cent was sometimes 
used, so that twice the concentration of bicarbonate could be used in the 
medium. 

In all calculations the following constants were used. pK’ for bicar- 
bonate in saline solution at 38°, 6.02; in saline-phosphate-bicarbonate 
6.00 (at 25°, 6.08 and 6.06); pK’ for primary-secondary phosphate in 
saline, 6.8; aco, in Ringer’s solution, 0.53 at 38°, 0.74 at 25°. The pK’ 
values were deduced from the recent studies of Harned et al. (19, 20), 
Nisfinen (21), and Bates and Acree (22). The solubility coefficients are 
the means of various determinations (23, 24, 19). 


Results 


Effect of pH on Glycolysis—Fig. 1 shows the relation of the rate of an- 
aerobic glycolysis to the mean pH during the experimental period. In 
view of the variability in anaerobic glycolytic activity of similarly pre- 
pared suspensions (see also 17, 25), results have been presented as per- 
centages of the maximum rate for each suspension. In the absence of 
added pyruvate there is an optimum for glycolysis around pH 7.0. With 
added pyruvate the rate increases with the pH, reaching a maximum at 
about pH 7.3, and remains high at least up to pH 7.9. As a result of 
this difference in pH effects, the stimulatory effect of pyruvate is more 
marked at a high than at a low pH (see Fig. 2). 

The difference in pH curves suggests that different reactions limit the 
rate of the glycolytic process in the presence and absence of extra pyruvate. 

* In some cases the final pH was checked with the glass electrode while 5 per cent 


CO, was passed through the suspension. The pH found, corrected for tempera- 
ture and CO, tension, agreed well with the calculated values. 
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Perhaps the reduction of pyruvate by DPN-H: is the pacemaker step 
without added pyruvate, while the phosphorylating oxidation of phospho- 


sot / \ 

60 { NO ADDED 
PYRUVATE 

40 

20+ PHOSPHATE BICARBONATE 


PYRUVATE 

ADDED 

4 

2 PHOSPHATE BICARBONATE 


6 7 8 6 7 8 
pH 


Fic. 1. Effect of pH on anaerobic glycolysis by brain suspensions. Results with 
bicarbonate buffer marked (O) obtained in the presence of 10 per cent CO:; others 
with 5 per cent CO,; tissue concentration, 25 mg. per ml. Experimental period, 
60 minutes. With the phosphate-buffered suspensions, the drift of pH during the 
experimental period was negligible in the acid range, and 0.1 to 0.35 unit in the 
alkaline range. In the bicarbonate medium, the drift was 0.05 to 0.15 unit in the 
alkaline and neutral range, and 0.15 to 0.4 unit in the acid range. 
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Fic. 2. Effect of pyruvate on anaerobic glycolysis at different pH values. Simi- 
larly marked points were obtained on samples of the same tissue suspension. 
Results with bicarbonate buffer marked (O) obtained in the presence of 10 per cent 
CO,, others with 5 per cent COsz. 


glyceraldehyde with diphosphopyridine nucleotide (DPN) may limit in 
the presence of extra pyruvate. Cori et al. (26) find that the phospho- 
glyceraldehyde dehydrogenase of muscle is most active at pH 8.6 to 9.0. 
The effect of pH in the presence of added pyruvate is similar to its effect 
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on sarcoma and liver homogenates fortified with various factors including 
pyruvate (27, 28). 

Aerobic glycolysis is not very active in brain suspensions. ‘The following 
results were obtained by F. Moya in this laboratory, using the Summer- 
son modification (29) of the Dixon-Keilin apparatus. With 150 mg. of 
tissue in 2 ml. of medium containing 22 or 4.6 mm bicarbonate under 5 
per cent carbon dioxide, and a 90 minute experimental period, the aerobic 
acid formation in micromoles of CO2 per gm. per hour was +10.0 + 0.9 
(standard error of the mean, thirteen determinations) at pH 7.3 and 
—0.4 + 0.4 (eleven determinations) at pH 6.6. When lactate replaced 
glucose as the main substrate for respiration, it appeared to be used up 
somewhat more rapidly at pH 6.6 than at 7.3. In one experiment with 
20 mo of 1(+-)-lactate, acid formation was —10.7 at pH 7.3 and —14.3 at 
pH 6.6. In another experiment with 5 mm of /(+)-lactate, it was —14.3 


.PYR+DPN 
£80} PYR 
NO NAA -——:DPN 
NAA 
=e PHOSPHATE BICARBONATE BICARBONATE 
i i j — i 
ws S 6 


PH 
Fic. 3. Effects of nicotinamide (NAA) and DPN on anaerobic glycolysis at dif- 
ferent pH values. All points in each diagram obtained on samples of the same tis- 
sue suspension. In the experiment in phosphate medium, NAA (20 mm final con- 
centration) was added from side bulbs just before the experimental period. For 
the next two experiments, NAA (30 mm and 10 mm respectively) was added immedi- 
ately after the suspension was made. DPN added, approximately 0.3 mm. 


at pH 7.3 and —20.3 at pH 6.6. This difference in rate of lactate utiliza- 
tion might account for part of the change with pH in net acid formation 
from glucose. 

Coenzymes on Glycolysis—Addition of nicotinamide (NAA, 20 to 30 mm) 
in order to protect DPN did not affect the pH curves in the presence or 
absence of pyruvate and did not stimulate glycolysis, but rather exerted 
a slight inhibitory effect. Inhibition of aerobic processes has been noted 
previously (30, 31). When DPN was added without NAA, there was a 
short-lived rapid evolution of gas from bicarbonate-buffered suspensions, 
after which glycolysis proceeded at the original or a slightly increased 
rate. When DPN was added in the presence of NAA, the rapid evolution 
of gas did not occur and a distinct but not great increase in rate occurred. 
In the presence of NAA and pyruvate, DPN addition scarcely affected 
the rate of glycolysis. Examples of these effects are shown in Figs. 3 and 4. 
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The initial rapid gas evolution on the addition of DPN without NAA 
is presumably due to the production of acid groups by hydrolysis of the 
added DPN. The extra CO; production corresponded approximately to 
1 molecule per molecule of DPN added (1.9 um of extra COs, 1.824 um 
of added DPN). The DPNase of brain has since been described thor- 
oughly by MclIlwain and coworkers (32, 33). These suspensions evidently 
contain a DPNase which rapidly destroys free DPN and is inhibited by 
NAA. But since NAA, even when added immediately after the suspen- 
sion is prepared, does not give rise to more rapid glycolysis, and the addi- 
tion of DPN with NAA causes only small stimulation, it seems that co- 
enzyme is present in the tissue in a form or situation in which it is not 
destroyed by DPNase but is active and perhaps sufficient for maximum 
activity of the glycolytic process. The slight stimulation by DPN in the 
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Fig. 4. Effects of DPN and nicotinamide on anaerobic glycolysis (no added 
pyruvate). Bicarbonate-buffered medium, pH 7.2, NAA 33 mm, DPN approxi- 
mately 0.3 mm. 125 mg. of tissue in 6.3 ml. of medium. (DPN from the Schwarz 
Laboratories, 60 per cent pure.) 


presence of NAA may be due to reversal of the inhibitory effect of the lat- 
ter. Larner et al. (31) have shown that it takes very thorough homoge- 
nization in a hypotonic medium to prepare a brain suspension, the metabo- 
lism of which is limited by lack of DPN. However, they considered that 
the effect of exhaustive tissue disintegration was to liberate DPNase. 
The present results and those of Handler and Klein (34) show that even 
lightly homogenized suspensions possess very active DPNase activity. 
That the DPN concerned in tissue metabolism may not be present in free 
solution is indicated by the observations of Elliott and Henry (17) that 
brain suspensions may be centrifuged and resuspended in fresh medium 
several times without loss of glycolytic activity and with the loss of only 
about 20 per cent of respiratory activity. 

Bicarbonate-CO; and Phosphate on Respiration—In Table I the results 
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of comparisons of oxygen uptake rates in the absence of buffer with those 
in phosphate and bicarbonate-buffered media are shown. The mean pH 
in all cases was about 7.2, which is optimum (14). It is evident that the 
addition of the bicarbonate buffer to the saline medium, in place of sodium 
chloride, causes an appreciable inhibition of respiration, about 10 per cent 
with 0.02 m bicarbonate-5 per cent CO2 and about 16 per cent with 0.04 
m bicarbonate-10 per cent 


TABLE I 
Effect of Bicarbonate Buffer on Respiration Rate of Rat Brain Suspensions 


All the suspensions were in modified Ringer's solution containing the buffers 
shown. The initial and final pH values in all the experiments were in the optimum 
range, 7.4 to 7.0, experimental period, 2 hours. Oxygen uptake in micromoles 
per gm. of fresh tissue per hour. The figures in parentheses show the percentage 
of the rate obtained in unbuffered medium. 


Phosphate, 0.02 No buffer, Bicarbonate, 0.02, | Bicarbonate, 0.04 
100 per cent O2 100 per cent O: per cent Os-5 per cent CO;' 
46.5 41.0 (88) 
41.5 | 37.0 (89) 34.0 (82) 
49.5 | 44.0 (89) 41.0 (83) 
47.0 40.0 (85) 
38.0 35.5 (93) 31.0 (82) 


Ca omitted from medium 


50.5 44.0 (87) 
41.5 (88) ? 47.0 44.0 (94) 
47.0 (106) 44.5 42.0 (94) 
53.5 (111) 48.0 43.0 (90) 
46.5 (109) 42.5 36.5 (86) 
51.5 (110) 47.0 42.0 (89) 
53.0 (110) 48.0 

Means of per cent of rate in no buffer 

109. 2* 100 90.3 83.7 


* Omitting doubtful result. All the differences are highly significant (P < 0.01). 


The difference between the rates in the bicarbonate and the 0.02 m 
phosphate buffer is greater since phosphate accelerates respiration. Actu- 
ally the figures shown in Table I underemphasize this latter difference, 
since the stimulation by phosphate is more pronounced during the first 
20 to 30 minutes, while the results shown represent the average rates over 
2 hours. In Table II, average figures for the effect of phosphate in 
Ca-free Ringer’s solution are shown. The respiration rate falls more rap- 
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idly in the presence of phosphate than in its absence; after 90 to 120 min- 
utes the rate is usually lower with than without phosphate. An experi- 
ment in which sucrose replaced phosphate indicated that the effects are 
not due to decrease in chloride concentration. 

Warren (6) reported an apparent stimulation of respiration when small 
amounts of bicarbonate were added to bicarbonate-free suspensions of bone 
marrow. The apparent oxygen uptake was determined in Warburg ves- 
sels with alkali in the insets to absorb evolved carbon dioxide. Similar 
apparent stimulation, 50 to 100 per cent, was obtained with brain suspen- 
sions but could be accounted for as an artifact. Even with no tissue 
present, an absorption of gas may be shown manometrically when the 
medium contains bicarbonate and alkali is in the inset. This is explained 


TaBLeE II 
Effect of Phosphate Buffer on Respiration of Brain Suspensions 


Suspensions prepared in Ca-free modified Ringer’s solution. Isotonic saline 
and phosphate buffer or sucrose added to give final concentrations shown; mean 
pH 7.2 to 7.0. 


| Mean per cent of rate in absence of buffer 
(and significance of difference*) 


Phosphate, 0.02 | Phosphate, 0.03 
| 
5 comparisons 7 comparisons 1 comparison 
116 (P < 0.01) | 10(P<001) 
114 (** < 0.01) | 115 < 0.01) | 107 
107 < 0.05) 103 | 108 
94 (* < 0.05) | 


* Determined from paired results. 
t Displacing the same amount of NaC! as 0.03 m phosphate. 


as follows. If any bicarbonate is present in the medium, carbon dioxide 
will be present in the gas phase at equilibrium at a partial pressure which 
will depend upon the final pH and bicarbonate concentration. If alkali is 
present in the inset, carbon dioxide will be absorbed and its partial pres- 
sure, and the bicarbonate content of the medium, will be lowered. The 
fall in carbon dioxide tension will affect manometer readings in the same 
way as an absorption of oxygen. Experiments with phosphate-buffered 
medium containing bicarbonate, and alkali in insets, in which the bicar- 
bonate content and pH of the medium were determined and the carbon 
dioxide tension calculated at various times in similar vessels, showed that 
the change in carbon dioxide content could account entirely for the appar- 
ent extra oxygen uptake. 

Evidence that small amounts of carbon dioxide have no stimulatory 
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effect on brain tissue respiration was also obtained by comparing the oxy- 
gen uptake by suspensions in bicarbonate-free medium in the ordinary 
Barcroft with that in the Dixon-Keilin apparatus. In the latter apparatus 
respiratory carbon dioxide accumulates during the experimental period, 
and calculation, from the carbon dioxide tension developed, showed that 
a concentration of at least 1 mm bicarbonate must have developed in the 


TaBLe III 
Anaerobic Glycolysis in Phosphate- and Bicarbonate-Buffered Media 
The glycolysis was measured in micromoles per gm. per hour. 


Phosphate, 0.02 Bicarbonate, 0.02 m (initially) Phosphate plus bicarbonate 
Tissue Glycolysis Glycolysis Glycolysis 
concen- 
tration | Mean Esti- | Mean Esti- | Per cent| Mean Esti- | Per cent 
pH Ob- | mated pH Ob- | mated | of rate = Ob- | mated | of rate 
served | at opti- served |at opti-| in phos- served jat opti-| in phos- 
{mum pH mum pH) phate mum phate 
4 | 7.47 58 64 7.29} 64 | 67 | 105 
5 7.24 67 68 7.29 64 67 99 
6 7.47 92 102 7.30 | 106 110 108 
6 7.47 92 102 7.26 | 86 88 86 7.30 | 92 96 94 
6 7.43 | 94 103 7.26 | 110 113 110 
6 7.39 | 93 100 7.24 92 94 94 | 
25 7.44 42 46 7.27 51 52 113 
38 | 7.40 | 43 47 7.25 | 45 46 98 
38 7.41 47 51 7.25 | 45 46 92 
38 7.37 54 58 7.23 53 a4 93 
50 | 7.60; 33 39 | 7.20; 41 41 105 | 7.23 | 42 43 110 
Pyruvate, 0.002 m, added 
24 |7.15| 73 | 75*|7.39| 75 | 75 | 100° | | 
25 7.46 68 68* | 7.39 70 70 103* | 
38 7.35 70 71 7.20 71 72 | #101 
38 | 7.30 | 82 83 | 7.19} 80 | 81 | 98 
A 7 | | 
verage per cent of rate in phosphate | | 
| 


medium atoptimum 100 


* In these experiments both buffer concentrations were 0.03 m. 


medium. The oxygen uptakes in the Dixon-Keilin apparatus were 93, 
95, 96, 98, and 103 per cent of the uptakes found in the Barcroft vessels; 
that is, not significantly different. 

Bicarbonate-CO, and Phosphate on Glycolysis—Measurements of anaero- 
bic glycolysis in the absence of buffer were not attempted. In Table 
III the results of comparisons of glycolytic rates in suspensions contain- 
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ing phosphate, bicarbonate, and both buffers are shown. ‘Though efforts 
were made to have the pH the same in all the media, the mean pH values 
were not exactly the same. Rates at optimum pH were therefore esti- 
mated from the observed rates by means of the pH-glycolysis curves of 
Tig. 1. No significant effect of bicarbonate-CO: on glycolysis was detect- 
able when the rate was compared with that in the phosphate-buffered 
medium. This finding was unaffected by the presence or absence of added 
pyruvate and by variations in tissue concentration. 


TABLE IV 

Effect of Increased COz-Bicarbonale on Anaerobic Glycolysis 
The vessels were filled with 5 per cent (the upper figure of each pair) or 10 per 
cent (the lower figure) carbon dioxide. When necessary, the rate for one of each 
pair has been adjusted for the value expected at an equal pH, as estimated by the 
effect of pH on the glycolysis measured in the same experiment. In these cases 
unadjusted rates are given in parentheses. 


* 


| pit mean | | mean pit mean | gat | Dierence, 
No added pyruvate | Pyruvate, 2 mm added 
2.0 | 6.25 | 48 (46) | | 1.6 | 6.13 | 68 (59) 
5.5 | 6.39 | 46 6.36 | 62 —2 
1.8 6.59 | 47 se 6.19 57 (54) 
12.1 6.73 | 48 +2 | 5.3 6.37.) 54 —5 
5.4 6.67 51 4.9 6.61 67 
12.5 6.75 47 —8 12.0 6.73 64 —4 
5.5 6.67 50 5.1 6.63 60 
12.5 6.75 46 —§ 12.1 6.73 58 (60) —3 
11.0 6.99 36 10.0 6.93 50 (49) 
23.8 7.03 36 ae 22.2 7.00 48 —4 
45.7 7.59 34 11.5 6.96 74 
93.1 7.63 30.5 —10 26.2 7.05 70 (71) —5 
| 43.1 7.57 53 
| | 87.2 7.59 49 —8 


Average difference, 4.5 per cent; significance determined from paired results, 
P< 


In Table IV the effects of doubling the initial bicarbonate concentration 
and CO, tension are shown at various pH values. A very slight but statis- 
tically significant inhibition of glycolysis, averaging about 5 per cent, seems 
to occur in the presence or absence of added pyruvate when the carbon 
dioxide is increased to 10 per cent. Since there was no consistent varia- 
tion in the effect with varying pH values, although the amount of change 
in bicarbonate concentration varied considerably with pH, it would ap- 
pear that the effect is probably due to the increased concentration of car- 
bon dioxide, the change in which was about the same in all cases. (The 
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effect of bicarbonate-CO:2 on respiration may also be due to the COs. con- 
centration. ) 

Elliott and Henry (17), who used the same type of tissue preparation, 
have reported that considerably less lactic acid was formed in phosphate- 
buffered than in bicarbonate-buffered medium, but a large amount of 
some other acid was produced and affected the pH. These findings were 
apparently the result of an error in the preparation of a stock solution. 
In the present study no difference in glycolysis rates in phosphate- and 
bicarbonate-buffered media has been found (Table III). Further, in nine 
experiments, the lactic acid production determined chemically averaged 
95 per cent (+2.5, standard error of the mean) of the total acid produc- 
tion as calculated from the phosphate concentration and the initial and 
final pH. 


DISCUSSION 


The purpose of this and other studies in this series has not been an en- 
zymological analysis of the mechanisms of brain metabolism but an attempt 
to ascertain the probable effects of certain factors on the metabolism of 
the integrated tissue. As pointed out in the introduction, tissue slices 
are not suitable for the determination of effects of certain variables. The 
results obtained with brain suspensions, though open to question, probably 
do represent fairly closely the behavior of integrated tissue, with regard 
to respiration and glycolysis.4 Suspensions prepared by light homogeni- 
zation in isotonic medium from rat, rabbit, or human gray matter respire 
at about 70 per cent of the rate obtained with slices of gray matter with- 
out any additions to the medium other than glucose and the usual inor- 
ganic ions (13, 35). This respiration, like that of brain in vivo, is almost 
exclusively at the expense of glucose when this is available (38). An- 
aerobic glycolysis rates of dilute suspensions are also comparable with 
rates obtained with slices (17). The rate of glycolysis is not limited by 
lack of free DPN, and in a few experiments additions of phosphocreatine, 
5 mM, were not found to affect aerobic or anaerobic metabolism. (Meyer- 
hof et al. (25, 39) found a marked increase in glycolysis. The preparation 
of their suspensions may have differed from ours.) Microscopic observa- 
tions by Dr. M. Baldwin, in this Institute, showed the presence of num- 
bers of nerve and other cells in these suspensions, but it is not clear whether 
the ‘“‘metabolic intactness’”’ depends upon intactness of cells or of large 
granules or complex molecules. 

The results presented here show an optimum pH for glycolysis at about 


‘The suspensions behave differently from slices in certain respects. They cause 
relutively less aerobic glycolysis than do slices (35). High potassium concentra- 
tions stimulate respiration, aerobic glycolysis (36, 12), and acetylcholine synthe- 
sis by slices (37) but not by suspensions (unpublished). 


2 

3 

a 

} 


84 METABOLISM OF BRAIN SUSPENSIONS 


7.0 in the absence of added pyruvate, while, in the presence of pyruvate, 
accelerated glycolysis continues up to a relatively high pH. It was pre- 
viously reported that glucose-containing isotonic suspensions under aerobic 
conditions contain about 0.1 mm pyruvate (38) and less than 0.01 mm 
under anaerobic conditions (17), and that maximum stimulation of gly- 
colysis occurs in the presence of 0.01 mm pyruvate (17). One might then 
suggest that, if local anaerobic conditions in vivo arise following normal 
aerobiosis, glycolysis would set in at the higher rate even under rather 
alkaline local conditions. After longer periods of anaerobiosis a lower 
rate would occur due to the decrease in pyruvate, and increasing acidity 
of the tissue would further decrease the rate of glycolysis. Aerobic gly- 
colysis also decreases with decreasing pH, which suggests that also under 
aerobic conditions lactic acid formation is a factor in the maintenance of 
a steady tissue pH. 

At least in the case of brain tissue, bicarbonate-carbon dioxide has little 
direct effect on respiration and glycolysis; its effect is, if anything, slightly 
inhibitory. Gurdjian, Webster, and Stone (40) have concluded that, in 
the presence of adequate oxygen, variations in the carbon dioxide tension 
in the blood caused no significant direct changes in vivo in the concentra- 
tions of glucose, lactate, or acid-soluble phosphorus compounds in the 
brains of dogs and did not play a major réle in the regulation of the 
electrocorticogram. 

The effect of phosphate buffer on respiration is similar to the effect of 
lack of calcium (12, 13). Both cause initial stimulation but poor main- 
tenance of rate. It seems possible that the effect of phosphate, even when 
no calcium is added to the medium, may be due to immobilization of the 
small amounts of calcium associated with the tissue. 


SUMMARY 


1. Anaerobic glycolysis by brain suspensions shows a pH optimum at 
about 7.0 in the absence of added pyruvate. In the presence of added 
pyruvate the rate of glycolysis increases with pH up to about pH 7.3 and 
remains high at least up to pH 7.9. 

2. The slight aerobic acid formation by brain suspensions decreases with 
decreasing pH. At pH 6.6 it ceases and there may even be slight acid 
disappearance. 

3. Brain suspensions contain an active DPNase but no evidence could 
be obtained to indicate that destruction of diphosphopyridine nucleotide 
(DPN) seriously limits glycolysis in the dilute suspensions used. It seems 
that in isotonic suspensions DPN is held in a form which is not susceptible 
to destruction by DPNase. 

4. Bicarbonate buffer, 0.02 m bicarbonate-5 per cent CO, causes about 
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10 per cent inhibition of the respiration of brain suspensions in a modified 
Ringer’s medium. Bicarbonate, 0.04 m-10 per cent COs, causes about 16 
per cent inhibition. Phosphate buffer causes an initial stimulation, about 
20 per cent with 0.03 m phosphate, which falls off with time. 

5. Apparent stimulation of respiration by the addition of small amounts 
of bicarbonate to a phosphate-buffered medium is due to an artifact. 

6. Anaerobic glycolysis by isotonic suspensions occurs at the same rate 
in bicarbonate-, or bicarbonate- plus phosphate-buffered media as in plain 
phosphate-buffered medium. However, increasing the CO: tension from 
5 to 10 per cent, while maintaining constant pH by increasing the bicar- 
bonate concentration, causes a very slight inhibition. 
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ROUTE OF ABSORPTION OF FREE FATTY ACIDS AND 
TRIGLYCERIDES FROM THE INTESTINE* 


By RAYMOND REISER anv MELVIN J. BRYSON 


From the Department of Biochemistry and Nutr.tion, Texas Agricultural Experiment 
Station, Texas Agricultural and Mechanical College System, College Station, 
Texas) 


(Received for publication, September 5, 1950) 


Frazer’s contention (1, 2) that free fatty acids are absorbed by way of 
the portal blood and unhydrolyzed glycerides by way of the lymphatics 
has received little challenge. The theory is supported by experiments 
(3) in which chylomicron counts were compared in portal and systemic 
blood after the introduction of oleic acid and olive oil into the intestines 
of unanesthetized rats. In another type of test, oleic acid and olive oil, 
stained with Sudan III, were fed to rats over a period of 9 days. After 
fatty acid ingestion the dye was found mainly in the liver, while after 
olive oil ingestion it was found mainly in the fat depots. No description 
is given of the procedure for determination of the dye in tissues. Both 
types of experiments are based on questionable techniques and fail to ex- 
plain the often reported (4-8) recovery of fatty acids in the lacteals or 
thoracic duct lymph as glycerides after their ingestion as free acids or as 
esters of alcohols other than glycerol. 

Recently, Bloom et al. (9) collected lymph from rats fed C-labeled 
palmitic acid as the free acid or as the glyceride. They recovered ap- 
proximately the same percentages of absorbed labeled acid in the lymph in 
whichever form it was fed. The best recovery, 91.8 per cent, was obtained 
when fed as the free acid. 

Reiser (10) fed conjugated linoleic acid to rats as both the free acid and 
as the triglyceride. Since the sequence of appearance of the labeled acid 
in various tissues was the same, he concluded that the route of absorption 
must be the same for both. The evidence indicated that the free acid 
was absorbed at a somewhat slower rate. 

In the present study rats provided with thoracic duct cannulae were 
fed triglycerides containing 30 per cent conjugated linoleic acid in one 
set of experiments and 30 per cent free conjugated linoleic acid dissolved 
in Wesson oil glycerides in another. The percentages of conjugated fatty 
acids in the ingested and resultant chyle fat were compared. It was 
reasoned that, if it would be found that the percentage of conjugated fatty 


*This work was supported in part by a grant from the United States Atomic 
Energy Commission. 
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acids in chyle fat after ingestion of the fatty acid-glyceride mixture is the 
same as after glyceride ingestion, then both must be absorbed by the same 
route. If the percentage of conjugated fatty acids in chyle fat after fatty 
acid ingestion is smaller than after glyceride, then the fatty acids must 
be absorbed by a different route, in amounts proportional to their disap- 
pearance from the chyle. 

It was also considered that a study of these percentages might give in- 
formation on the problem of hydrolysis, for if the percentage of conjugated 
acid in the chyle is different after fatty acid ingestion than after glyceride, 
the acid and glyceride must have been absorbed in different forms. Hy- 
drolysis, in that case, must be considered as only partial or absent. 


EXPERIMENTAL 


Cannulae were introduced into the thoracic ducts of adult male albino 
rats, weighing approximately 300 to 350 gm., according to the technique 
of Bollman et al. (11) and Bloom et al. (9). After the operation the ani- 
mals were offered a solution containing 5 per cent glucose and 1 per cent 
sodium chloride, but no other food. After approximately 24 hours, 2 gm. 
of the test meal were given by stomach tube and the lymph collected for 
succeeding 12 hour periods. Two test meals were used. One consisted 
of the reconstituted glycerides of the isomerized fatty acids of Wesson oil 
and contained 30 per cent conjugated linoleic acid. The other was a 
mixture of Wesson oil glycerides and isomerized linoleic acid, 30 per cent 
of the mixture being free conjugated linoleic acid. 

When the same rat was used for two or more tests, the new test meal 
was not given until several hours after the lymph was clear, and in no 
case after less than 36 hours from the previous meal. 

Preparation of Conjugated Trilinole‘n—Wesson oil fatty acids were isom- 
erized according to the procedure of Holman and Elmer (12). The washed 
and dried isomerized acids were then esterified with 90 per cent of the 
equivalent weight of glycerol by the use of Twitchell’s reagent (8-naphthol- 
sulfonic acid) under reduced pressure at 135—145° until there was no longer 
any evolution of water. The reaction mixture was dissolved in petroleum 
ether, washed with 10 per cent sodium carbonate and water, and dried 
over anhydrous sodium sulfate, and the ether finally evaporated under 
reduced pressure. The concentration of conjugated linoleic acid in the 
esters was determined by the method of Brice, Swain, Schaeffer, and Ault 
(13) and was found to be 30 per cent. 

Preparation of Conjugated Linoleic Acid—Linoleic acid was prepared 
from Wesson oil by saponification and fractional crystallization of the 
saturated and oleic acids from acetone solution at —20° and —40°. ‘The 
methyl esters were prepared from the crude linoleic acid by the diazo- 
methane procedure. The esters were distilled and further purified ac- 
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cording to the method of Schlenk and Holman (14) as follows: The esters 
were dissolved in 3 volumes of methanol and heated with a quantity of 
urea equal to 3 times the weight of the fatty acids not linoleic, as deter- 
mined by the iodine number. The mixture was cooled to room tempera- 
ture and then to 8° overnight and filtered. The purification was repeated 
on the ester in the methanol solution. The resulting methyl linoleate 
had an iodine number of 168 (theory, 173). 


TaBLeE I 


Recovery of Conjugated Linoleic Acid in Chyle When Fed by Stomach Tube As Free 
Acid Mized with Wesson Oil or As Trilinolein 


Administered as mixture of free acid + Wesson oilt 
‘i aa | per cent hrs. | mil. | mg. per cent 
2 8 121 28.5 
| | 7 | 23 
| 25-36 | 27 | 315 23.7 
2 30 0-16 | 10 136 35.2 
Administered as trilinolein 
] 30 O-12 105 21.6 
| 18 155 
2 | 30 0-12 55 174 | gee 
| «13-24 21 
4§ 30 | 0-12 72 161 | 26.9 


*2 gm. of the test meal were given in each trial. 

t 30.0 per cent 10,12-linoleic acid, 14.2 per cent 9,12-linoleic acid, and 55.8 per 
cent Wesson oil glycerides. 

t A probable error; note also the small amount of fat. 

§ Analyses made without saponification. 


The esters were then subjected to isomerization (11). The resulting 
isomerized acids were crystallized from acetone and petroleum ether at 
—30°. The crystals had an E}%,,. of 812 in isooctane, thus containing 
68 per cent of the conjugated acid. (£i%,. of pure 10,12-linoleic acid, 
1190 (12).) To prepare the test meal from this isomerized linoleic acid, 
enough Wesson oil was added to bring the percentage of conjugated linoleic 
acid to 30 per cent of the total mixture. The mixture thus contained 
30.0 per cent of 10,12-linoleic acid, 14.2 per cent of 9,12-linoleic acid, and 
55.8 per cent of Wesson oil glycerides. 

Analyses of Lymph Fat—In the test with Rats 1 and 2 the lymph for a 


| Conjugated acids Collection | Weight of fat | Conjugated acids 
Rat No. aa fat fed® | period Lymph collected | collected | in lymph fat 
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12 hour period was evaporated to about a fifth its volume with reduced 
pressure, and then mixed with 10 times its reduced volume of 3:1 alcohol- 
ether mixture. After warming and filtering, the solution was evaporated 
almost to dryness with reduced pressure, taken up in petroleum ether, and 
again filtered. The petroleum ether solution was evaporated in a stream 
of nitrogen. The fat was saponified with 5 ml. of 4 per cent KOH in 
alcohol, acidified, and the fatty acids extracted, dried, and weighed. The 
dried acids were dissolved in isooctane and the content of conjugated acids 
determined spectrophotometrically (13). 

Because of the somewhat wide range of results with this procedure, a 
more simple technique was used in the two tests with Rat 4. In these 
tests, after evaporation of the alcohol-ether extract to dryness, the fat was 
extracted with isooctane and diluted to 100 ml. A few ml. of this were 
used for spectrophotometric determination of the conjugated acids (13) 
and 75 ml. were evaporated for the determination of total fat in the solu- 
tion. 


Results 


The results are shown in Table I. It may be seen that, when fed as the 
free acid, 10,12-linoleic acid is absorbed at least as completely by way of 
the thoracic duct as when fed as the triglyceride. Any possible differences 
are in favor of more complete absorption of the free acids by this route. 


DISCUSSION 


The experiments reported here make no assumptions with respect to 
hydrolysis. The glycerides could have been hydrolyzed and the mixed 
fatty acids resynthesized to glycerides, or the unhydrolyzed glycerides 
could be absorbed with newly synthesized glycerides of the ingested acids. 
If differences had been observed in the percentages of conjugated fatty 
acid in lymph fat after feeding as the free acid or as the triglyceride, it 
would have been necessary to consider the possibility of hydrolysis. Since 
the proportions in the lymph fat are the same under both conditions, the 
only conclusion permitted is that the fatty acids are absorbed in the chyle 
in the same proportions, regardless of the form ingested. If any transport 
of fat takes place by way of the portal vein, it must also be the unchanged 
mixture of the diet that appears there. 

One or more of several reasons may explain why the percentages of 
conjugated acids which appear in the chyle fat are somewhat smaller than 
those fed. It is well known that ingested fat is diluted with endogenous 
fat (4-8). Some of the polyunsaturated acids may well have been oxi- 
dized or hydrogenated either in the lumen of the intestine or during ab- 
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sorption. Finally, some oxidative loss of the conjugated acids could take 
place during analyses of the lymph fat. 


SUMMARY 


1. Trilinolein prepared from 10,12-linoleic acid and a mixture of free 
10,12-linoleic acid and Wesson oil were fed to rats provided with tho- 
racic duct cannulae. 

2. It was found that the lymph fat always contained somewhat less of 
the labeled acid than the fat ingested, but that there was as much or more 
labeled acid in the lymph fat after free acid ingestion as after glyceride 
ingestion. 

3. It is concluded that, in whatever form fed, free fatty acids are absorbed 
by the same route as are triglycerides. 
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ACETIC ACID METABOLISM IN TORULOPSIS UTILIS 


III. METABOLIC CONNECTION BETWEEN ACETIC ACID AND VARIOUS 
AMINO ACIDS 


Br G. EHRENSVARD, L. REIO, E. SALUSTE, anv R. STJERNHOLM 


(From the Wenner-Gren Institute of Experimental Biology, University of 
Stockholm, Stockholm, Sweden) 


(Received for publication, June 17, 1950) 


In two earlier papers (1, 2) we have described the cultivation of Torulopsis 
utilis on isotopically labeled acetic acid (C™ in the methyl group, and C 
in the carboxyl group) and the degradation of tyrosine, isolated from the 
yeast hydrolysate, to localize the isotope excess in different carbon atoms. 
This communication gives the details of different degradation procedures 
for a number of amino acids, isolated from the same hydrolysate. The 
original hydrolysate from Torulopsis, grown on C¥H;C“OOH as the sole 
source of carbon, was divided into three fractions by means of electro- 
dialysis by the method of Sperber (3). From the acidic fraction glutamic 
and aspartic acids were separated by the methods outlined by Block and 
Bolling (4) and Chibnall et al. (5). 

In Sperber’s modification of electrodialysis the acidic amino acids are 
trapped in Amberlite IR-4, of which there is a large amount in the middle 
compartment of the electrodialysis cell. The Amberlite was removed by 
filtration, washed free of neutral amino acids, and eluted three times by 
stirring with 1.5 liter quantities of 1.5 n HCl. Glutamic acid hydro- 
chloride (2 to 3 gm.) and aspartic acid (1 to 2 gm.) were isolated by the 
usual procedures. 

Paper chromatograms showed the preparations to be free from amino 
acid contaminants. 

The neutral fraction, after tyrosine had been removed by crystalliza- 
tion (2), was treated with an ion exchange resin (Dowex-50) and eluted 
with dilute HCl, according to the directions given by Stein and Moore 
(6) (Table I). 

The fractions containing glycine (Fractions 40 to 42) were evaporated to 
dryness, dissolved in water, treated successively with silver carbonate and 
HS, evaporated in vacuo to 2 to3 ml., and precipitated with alcohol. The 
same isolation procedure was used for alanine (Fractions 45 to 48), valine 
(Fractions 56 to 76), leucine (Fractions 123 to 147), the leucine-isoleucine 
mixture (Fractions 112 to 122), and phenylalanine (Fractions 148 to 163). 
Proline (Fractions 79 to 81) was precipitated by addition of ether to an 
alcoholic solution of the free amino acid. 


94 ACETIC ACID METABOLISM. III 


As all procedures to isolate pure threonine from Fractions 29 to 35 
were unsatisfactory, we tried to reduce the mixture with hydriodic acid 
and phosphorus by the procedure of Fischer and Leuchs (7), hoping that 
the expected mixture of alanine and a-aminobutyric acid could be sepa- 
rated on the column. Serine gave alanine in excellent yield, but threonine 
was mainly untouched by the reducing agents, giving only around 5 per 
cent of aminobutyric acid. The procedure was carried out by heating the 
combined, dry Fractions 29 to 35 (1100 mg.) with 11 ml. of concentrated 


TABLE I 
Separation of Neutral Amino Acids on Dowex Column 
The figures give the volume of 1.5 N HCl penetrating through the column, the 
number of fractions collected, and the amino acids isolated during the procedure. 
After 17.420 ml. had penetrated, the HCl concentration was shifted from 1.5 N to 
4N. 


HCI, 15N | Fraction Nos. | Amino acids isolated 
mil, 
3,310 : 0- 26 | 
3,600 | 27- 28 | Serine 
4,590 29- 35 | “ + threonine 
5,300 36- 39 
5,840 40— 42 | Glycine 
6, 290 43- 44 + alanine 
7,030 45- 48 Alanine 
7,800 | 49- 55 
9,510 | 56- 76 | Valine 
9,610 : 77 | 
10,950 78- 91 Proline 
12,650 92-104 
13,440 105-111 Isoleucine 
14,660 ) 112-122 Leucine + isoleucine 
17,420 123-147 
21,600* | 148-163 Phenylalanine + leucine 
*4n HCl. 


hydriodie acid (sp. gr. 1.96) and 300 mg. of red phosphorus to 120—-130° for 
5 hours in a bomb tube.!. Enough water was added to dilute the hy- 
driodic acid to 1.5 nN, the solution was added to the Dowex column, and 
the amino acid mixture separated as described above. ‘Threonine ap- 
peared in the eluate volume between 3770 and 4360 ml., alanine (from 
serine) between 6210 and 6900 ml., and a small amount of aminobutyric 

In carrying out the above reduction it is advisable to test the mixture on a 


paper chromatogram in order to ascertain whether the reaction has proceeded satis- 
factorily. If not, the tube is closed again and heated for another hour. 
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acid after 9 liters had passed. The isolation of threonine and alanine 
(from serine) was carried out in the same way as described for glycine. 
Yield 390 mg. of threonine, 300 mg. of alanine. The amino acids were 
chromatographically pure. 


Degradation Procedures 


Glutamic acid was degraded by (1) combustion, (2) ninhydrin treat- 
ment (8), (3) conversion to a,y-diaminobutyrie acid by the method of 
Schmidt as modified by Adamson (9); the product was purified through 
the picrate, m.p. 165° (Adamson gives 167°), and isolated as the phos- 
photungstate. Combustion of this gave CQO, representing the a, 6, and 


TAaBLeE II 


Isotope Content of Different Carbon Atoms of Glutamic Acid, Isolated from 
Torulopsis Yeast, Grown on C“H,C“OOH As Sole Source of Carbon 


C® is given in atom per cent excess; C™ in counts per minute per 15 mg. of bar- 
ium carbonate. 


| cn cu 
Acetic acid (substrate), carboxyl group .......... 9850 
methyl group............ 2.42 
A. Glutamic acid, total combustion 0.20 + 0.01 470 + 20 
B. a,y-Diaminobutyric acid phosphotung- | >0.20 + 0.02 156 + 15 
state, total combustion 
C. Glutamic acid, a-carboxyl, by ninhydrin 0.09 + 0.005 | 840 + 30 
treatment | 
D. Glutamic acid, y-carboxyl, calculated | <0.20 + 0.03 | 1730 + 200 
from A and B 
E. a-, B-, y-carbon atoms, mean value of 0.24 + 0.02 | —70 (=0) 


each, calculated from A + C + D | | 


y atoms of glutamic acid plus its a-carboxyl group. From the isotope 
values from the three degradation procedures it was possible to calculate 
the C® and C™ content of the glutamic acid a- and y-carboxyl and the 
mean value for the 3 non-carboxylic carbon atoms. The resultsare shown 
in Table II. 

Aspartic acid was degraded by (1) combustion and (2) treatment with 
ninhydrin, whereby both carboxyl groups were liberated as COs (8); (3) 
by treatment with Chloramine-T, whereby the a-carboxyl group is prefer- 
entially liberated as CO» (10, 11); (4) by treatment with hypochlorite and 
conversion of the resulting acetaldehyde to iodoform. 

In the Chloramine-T treatment a mixture of 50 mg. of aspartic acid, 5 
ml. of citrate buffer at pH 2.5, and 10 ml. of 10 per cent Chloramine-T 
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solution was warmed to 35°. The liberated CO:, taken at intervals, rep- 
resented a mixture of the a- and 6-carboxyl carbon from aspartic acid; the 
ratio was checked by oxidation, under exactly the same conditions, of a 
sample of synthetic aspartic acid labeled with C™ in the 8-carboxyl group 
and © in the B-carbon atom. It was found that, at 35°, the liberated 
CO, swept out during the first 10 minutes had an isotope content which 
indicated an origin from the a- and the 8-carboxyl groups at a ratio of 
4:1. During the next 10 minutes the ratio was 4:3. Accordingly we 
have assumed that the CO, liberated from the Torulopsis aspartic acid 
during the first 10 minute period represented the a- and B-carboxyls at a 
ratio of 4:1. 

Treatment with hypochlorite was carried out according to Langheld 
(12) and the liberated acetaldehyde was rapidly distilled, together with 
about 10 ml. of water, into an ice-cooled receiver. The distillate was 
diluted to 25 ml. and the aldehyde content of the solution determined on 
a 1 ml. sample by the method of Peters and Van Slyke (13). A volume 
of the solution corresponding to 25 mg. of acetaldehyde was treated with 
4 gm. of potassium carbonate and then, in rapid succession, 0.2 ml. of 9 
nN KOH and 8 ml. of a solution of 5 gm. of iodine and 5 gm. of potassium 
iodide in 25 ml. of water. The mixture was shaken in a water bath 
at 60°. After 5 minutes the iodoform was removed by centrifugation 
and washed by centrifuging with water six times, The washings gave no 
precipitate with barium hydroxide. The iodoform was then dissolved in 
2 ml. of methanol, precipitated by the addition of 6 ml. of water, centri- 
fuged, washed (six times) with carbon dioxide-free water, and subjected 
to combustion. The CQ, was isolated as barium carbonate. 

In order to prove that the iodoform really is derived from the methyl 
group of acetaldehyde, acetaldehyde containing C™ in the aldehyde group 
and C* in the methyl group was treated with hypoiodite under the same 
conditions as above. Of the 1210 c.p.m. of C™ in the aldehyde group, 
none appeared in the barium carbonate from the iodoform. On the other 
hand we observed that, in spite of all precautions, the iodoform, repre- 
senting the methyl group of acetaldehyde, had a low C® content compared 
with the original C® content of the methyl group, the values being 0.52 
against 0.79 atom per cent excess. Many further observations have con- 
vinced us that the iodoform isolated from the hypoiodite split of acetalde- 
hyde contains some contaminating carbon.? This justifies multiplication 
of the isotope values found in samples of iodoform by a factor corre- 
sponding to the ratio 0.79:0.52 = 1.5. In all of the following cases we 

* Iodoform contains only 3.04 per cent carbon, and the isolation and combustion 


of 50 mg. samples undoubtedly involve some risks of contamination. 0.75 mg. of 
carbon is enough to bring about a decrease of isotope value by a factor of 1.5. 
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have given both the original isotope content of iodoform samples and the 
values corrected by the factor 1.5. 

The results of the isotope determinations of aspartic acid and its deg- 
radation products are given in Table III. 

The synthesis of C'-C8-labeled aspartic acid started with condensation 
of 14.5 gm. of redistilled ethyl bromoacetate (360 c.p.m. of C™ in the car- 
bethoxy group, 0.25 per cent excess C™ in the methyl group) and 19.4 gm. 
of ethyl acetamidomalonate in 100 ml. of absolute ethanol containing 3 
gm. of dissolved sodium. The mixture was allowed to stand at room tem- 
perature for 48 hours, filtered, evaporated to a syrup, and hydrolyzed 
with 70 ml. of concentrated hydrochloric acid on a sand bath for 24 hours. 
After removal of excess hydrochloric acid by repeated evaporation to dry- 
ness, the resulting aspartic acid hydrochloride was converted into the cop- 
per salt, which was recrystallized three times in order to remove all traces 
of glycine. The final yield of chromatographically pure aspartic acid was 
4 gm. | 

The synthesis of C-C-labeled acetaldehyde was carried out by lith-~ 
jum-aluminum hydride reduction of anhydrous C“H;C“OOH in diethyl 
carbitol solution at room temperature. After addition of butyl carbitol, 
the resulting ethanol C"H;C“H.OH was distilled, redistilled in a column, 
and oxidized by the method of Wertheim (14) to acetaldehyde 
C%H;C“HO in the same apparatus which was used for the ninhydrin and 
periodate splittings. 

Glycine and valine were degraded by simple combustion to CO, and by 
ninhydrin treatment. Since it was shown that the methylene group of 
glycine did not contain any appreciable amount of C"™, and the calculated 
C™“ value for the valine side chain was very low, no attempt at further 
degradation was made. As a control, however, the 2,4-dinitropheny]- 
hydrazone of the isobutyraldehyde obtained by ninhydrin splitting of 
valine was converted to CO, and the isotope values estimated. The re- 
sults are shown in Table IV. 

Alanine, and thus also alanine from serine, was subjected to ninhydrin 
treatment, the carboxyl carbon being trapped as barium carbonate and 
the acetaldehyde distilled over into a receiver containing ice water. Part 
of the acetaldehyde solution was treated with thiosemicarbazide and the 
thiosemicarbazone isolated. Usually this had the correct melting point, 
146°, and showed no depression when mixed with an authentic sample. 
In some cases it was necessary to recrystallize from a very small amount 
of 50 per cent aldehyde-free methanol. The yield after recrystallization 
was about 30 per cent. The pure acetaldehyde thiosemicarbazone was 
converted to COs, isolated as barium carbonate. ‘The isotope values of 
the barium carbonate samples represent the mean value of both carbon 
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TaBLeE III 


Isotope Content of Different Atoms of Aspartic Acid Isolated from Torulopsis Yeast 
Grown on C¥H;C'%OOH As Sole Source of Carbon, and Results of Two Controls 


of Degradation Procedure on HOOC“C“H.CH(NH2)COOH and C“HOC“H;, 


ium carbonate. 


C's is given in atom per cent excess; C™ in counts per minute per 15 mg. of bar- 


Cu Cu 
Acetic acid (substrate), carboxyl group.......... 9850 
methyl group........... 2.42 

A. Aspartic acid, total combustion 0.16 + 0.01 306 + 10 

B. ” “ a + £-carboxyls 1:1 (by 0.09 + 0.01 798 + 30 
ninhydrin) 

C. Aspartic acid, a + §-carboxyls 4:1 (by 0.07 + 0.01 810 + 30 
Chloramine-T) 

D. Aspartic acid, a-carboxyl, calculated from 0.08 + 0.02 818 + 50 
B and C 

E. Aspartic acid, 6-carboxyl, calculated from 0.10 + 0.02 778 + 50 
B and C 

F. Aspartic acid, a + 8-carbons,* calculated 0.23 + 0.02 
from A and B 

:. Aspartic acid, a + 8-carbons,* calculated 0.26 + 0.02 2+ 2 
from combustion of acetaldehyde thio- 
semicarbazone 

H. Aspartic acid, 8-carbon, from iodoform 0.16 + 0.01 St 5 

I. “same corrected by factor 0.24 + 0.02 8+ 8 
1.5, according to S and T 

K. Aspartic acid, a-carbon, calculated from 0.25 + 0.03 0 
F+G+I 

L. HOOC"C#H,CH(NH:2)COOH, synthetic, 352 + 10 
B-carboxyl 

M. HOOC"C#H,CH(NH:)COOH, synthetic, 0.25 + 0.01 
B-carbon 

N. HOOC"“C#H,CH(NH;:)COOH, synthetic, 186 + 10 
a + B-carboxyls by ninhydrin (1:1) 

O. HOOC“C“H:CH(NH:)COOH, synthetic, 
a + §-carboxyls by Chloramine-T 
treatment, 0-10 min. 88+ 5 
Same, 10-20 min. 234 + 20 

P. 6-Carbon, from iodoform, combustion 0.13 + 0.005 0 

Q. Same, corrected by factor 1.5, according 0.20 + 0.01 0 
to S and T 

R. ChHOC™H:, synthetic, carbonyl carbon 1210 + 40 

Ss. metny! group 0.79 + 0.01 

0.52 + 0.01 82+ 8 


as iodoform 


* Mean values of each. 


| 
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atoms of acetaldehyde and the carbon atom of the thiosemicarbazone 
moiety, and therefore the found value was multiplied by 1.5 to obtain 
the isotope values for the 2 carbon atoms of acetaldehyde. The rest of 
the aldehyde was split with hypoiodite, and the iodoform (from the methyl 
group) isolated and converted to CO». 

The results of the degradation of alanine and serine (as alanine) are 
shown in Table V. 7 

Threonine was degraded by (1) combustion to CO:, (2) decarboxylation 
with ninhydrin, (3) periodate splitting and combustion of the thiosemi- 
carbazone of the resulting acetaldehyde. Part of the acetaldehyde was 
subjected to hypoiodite treatment according to the methods given above, 


TaBLeE IV 
Isotope Content of Different Carbon Atoms from Glycine and Valine Isolated from 
Torulopsis Yeast Grown on C*H;C'%OOH As Sole Source of Carbon 
C is given in atom per cent excess; C' in counts per minute per 15 mg. of bar- 
ium carbonate. 


cu cu 
Acetic acid (substrate), 9850 
methyl group........... 2.42 
Glycine, total combustion 0.17 + 0.01 378 + 15 
" carboxyl 0.09 + 0.005 667 + 25 
” methylene group, calculated 0.26 + 0.015 89 + 30 
Valine, total combustion 0.195 + 0.01 136 + 7 
“  earboxyl 0.065 + 0.01 586 + 20 
“side chain carbon atoms, calculated | 0.23 + 0.03 23+ 8 
mean value for each 
Same, calculated from combustion values of | 0.215 + 0.01 8+ 8 
isobutyraldehyde 2,4-dinitrophenylhy- 
drazone | 


and the isolated iodoform converted to CO.. The periodate split was 
carried out by a modification of the method of Shinn and Nicolet (15), in 
the same apparatus that was used for the ninhydrin split of alanine. 210 
mg. of threonine were dissolved in 10 ml. of water in a 250 ml. round 
bottom flask attached to a condenser and an ice-cooled receiver. 30 ml. 
of 1 N sodium bicarbonate solution and 100 ml. of 0.1 N sodium arsenite 
solution were added; then 15 ml. of 0.5 M periodic acid solution were slowly 
added from the separatory funnel. The solution was kept at 40° on a 
water bath for 20 minutes, after which 5 to 10 ml. were removed by distil- 
lation with an open flame as rapidly as possible. The yield of acetalde- 
hyde in water solution in the receiver was usually about 75 per cent. The 
conversion of the aldehyde into its thiosemicarbazone and the iodoform 
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Taste V 
Isotope Content of Different Carbon Atoms of Alanine and Serine Isolated from 
Torulopsis Yeast Grown on C"¥H;C“OOH As Sole Source of Carbon 
Before the degradation procedure serine was transformed to alanine. C* is 


given in atom per cent excess; C* in counts per minute per 15 mg. of barium car- 
bonate. 


cu Cu 
Acetic acid (substrate), gh 9850 
Alanine, total combustion 0.16 + 0.005 1445+ 5 
2% carboxyl, by ninhydrin treatment 0.09 + 0.005 558 + 15 
- a + £B-carbon atoms, calculated | 0.195 + 0.01 —61 
mean value of each 
Same, calculated from acetaldehyde thio- | 0.19 + 0.01 0 
semicarbazone, converted to CO: 
Serine (as alanine), total combustion 0.19 + 0.01 244+ 8 
carboxyl, by ninhydrin 0.09 + 0.01 712 + 25 
Serine a + §8-carbon atoms, calculated mean 0.24 + 0.03 10 


value of each 


Same, calculated from acetaldehyde thio- 0.21 + 0.01 0 
semicarbazone, converted to CO, | 
8-Carbon atom, from iodoform | 0.25 + 0.03 | 0 
TABLE VI 


Isotope Content of Different Carbon Atoms of Threonine Isolated from Torulopsis 
Yeast Grown on C"H;,C“%OOH As Sole Source of Carbon 
C* is given in atom per cent excess; C4 in counts per minute per 15 mg. of bar- 
ium carbonate. 


cu Cu 
Acetic acid (substrate), carboxyl group........ 9850 
methyl group........... 2.42 
A. Threonine, total seniiiinitiads 0.18 + 0.005 380 + 15 
B. ” carboxyl, by ninhydrin 0.09 + 0.005 683 + 25 
C.a + 8 + y-carbon atoms, calculated 0.21 + 0.01 279 + 20 
mean value for each | 
D. B- + y-carbon atoms, calculated from , 0.175 + 0.015 342 + 10 
acetaldehyde thiosemicarbazone, mean | 
value of each atom | 
E. a-Carbon atom, calculated 0.08 < 150 
F. y-Carbon “ from iodoform —«0.06 + 0.005 349 + 15 
G. Same, corrected by factor 1.5, Table III, 0.09 +0.01 | 530 + 40 
S and T | 


H. 6-Carbon calculated 0.26 


0.02 <154 


split were carried out according to the procedure worked out for aspartic 
acid and alanine. The results are shown in Table VI. 
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Some isotope values of total carbon and carboxyl CO, of leucine, isoleu- 
cine, and proline are given in Table VII. The result of further degrada- 
tion of these amino acids will be published later. 


TaBLzE VII 
Isotope Content of Carbozyl Group and Side Chain of Leucine and Isoleucine, and 
Isotope Content of Carboryl Group and Pyrrolidine Ring of Proline 
All amino acids were isolated from Torulopsis yeast grown on C"H,;,C“OOH 
as the sole source of carbon. C™” is given in atom per cent excess; C™ in counts 
per minute per 15 mg. of barium carbonate. 


cu cu 
Acetic acid (substrate), coshony group.......... 9850 
¥ methyl group............ 2.42 
Leucine, total combustion 0.17 312 
" carboxyl, by ninhydrin treatment 0.015 1022 
a carbon atoms of side chain, cal- 0.20 170 
culated mean value for each atom 
Isoleucine, total combustion 0.176 | 207 
0s carboxyl, by ninhydrin treatment 0.09 580 
= carbon atoms of side chain, cal- 0.195 132 
culated mean value for each atom 
Proline, total combustion 0.137 277 
- carboxyl, by ninhydrin treatment 0.075 . 480 
“carbon atoms of pyrrolidine ring, 0.153 226 
calculated mean value for each atom 


DISCUSSION 


The data accumulated from the degradation procedures described in the 
experimental part are the results of (1) direct isotope determinations on 
barium carbonate samples derived from single carbon atoms of amino acid 
structures, such as the a-carboxyls, the 6-carbon atom of aspartic acid, 
and the y-carbon atom of threonine; (2) calculations based on at least two 
isotope determinations on barium carbonate samples derived from the 
combustion of compounds containing 2 or more carbon atoms. The 
chances for errors in the latter case are naturally much greater than when 
the sample to be measured is derived from a single carbon atom of a 
certain structure. Especially sensitive to errors are the calculations based 
on the equation (a — 1)z = ax — y, where a is the number of carbon 
atoms of the amino acid, x the isotope value for total amino acid, y the 
value for the carboxyl carbon, and z the mean value for the a — 1 carbon 
atoms of the side chain. As an error in zx will contribute to a larger error 
in z, the combustion of the samples must be carried out with the utmost 
care and the purity of the amino acid to be analyzed must be unquestion- 
able. We have tested several combustion methods and have found that 
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plain combustion in oxygen in a quartz tube 40 cm. long and 1.2 em. in 
diameter (the bottom of which is filled by two broad rolls of fine platinum 
gauze) heated to 1000° is the best procedure. : 

There are some cases in which the values obtained for a certain carbon 
atom seem to be questionable with respect to the C"™ content; for instance, 
the calculated amount found in the a-carbon atoms of some amino acids, 
which from a theoretical point of view seems very improbable. In such 
cases the calculated C™ content is a valuable check, because in almost all 
instances a high C™ content is to be expected. Mixed labeling is found 
only in the cases in which the mixed, labeled respiratory CO, could have 
entered, as in the (preferentially C'*-labeled) carboxyls of the amino acids. 
In dealing with the results obtained from the degradation of the individual 
amino acids, we are quite aware of the danger of this @ priort reasoning 
and prefer to leave some results open to discussion. In some cases the 
values obtained were compared with analogous values from the cultivation 
of Escherichia colt on C8H3;C“OOH as the sole source of carbon (16). 

The over-all picture of the C“%-C® content of the carboxyl groups of the 
amino acids isolated gives some indication as to whether they have been 
derived from a direct incorporation of an acetate residue into another 
structure, or whether the respiratory CO, in secondary fixation reactions 
could have entered into the amino acid structures as carboxyl groups. 
Table VIII contains the C™ and C™ content of the carboxyls of fourteen 
amino acids. We have included the amino acids investigated in this pa- 
per, and in addition, tyrosine (2), arginine, lysine, histidine (17), proline, 
leucine, and isoleucine. The full degradation of the last six acids will be 
published in the near future. Furthermore, the C™’ and C™ values of the 
respiratory CO, during the experiment (1) and the carbon atom 4 from 
the tyrosine ring (2), the y-carbon atom of threonine, and the guanido 
carbon of arginine (17) are given for comparison. 

It appears that with three exceptions the ’C™:’C® ratio of the amino 
acid carboxyls is of the same order as the corresponding ratio of the res- 
piratory CO, collected at different periods of the cultivation experiment. 
(‘C8 and ’C denote the isotope content in per cent of the corresponding 
isotope content of CH; and COOH of acetic acid, both taken as 100.) 
Thus it seems conceivable that a part of the respiratory CO, has reentered 
the metabolic system either through a Wood-Werkman reaction (18Y or in 
another way, giving rise to the carboxyls of keto acids which have sub- 
sequently been aminated. If the oxalacetic acid formed from pyruvic 
acid + CQO, has been in equilibrium with a symmetrical metabolite, such 
as fumaric acid or succinic acid, we have to expect an equal labeling of 
both carboxyls, which should be reflected in the equal labeling in the 
a- and 6-carboxvls of aspartic acid. The degradation experiments con- 
firm this view. On the other hand, if we anticipate the existence of a 
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cyclic process of acetic acid metabolism, in the sense of a Krebs cycle 
(19), this would also bring about an equal labeling of the two carboxyls of 
aspartic acid. On the assumption that a condensation occurs between 


TaBLeE VIII 


Isotope Content of Carboryl Groups of Fourteen Amino Acids from Torulopsis Yeast 
Grown on C8H;C*%OOH As Sole Source of Carbon, Compared with Isotope Content 
of Respiratory CO. during Last Hour of Cultivation Experiment 


Cis given in atom per cent excess; C“ in counts per minute per 15 mg. of bar- 
ium carbonate. ‘C"™ and ‘C™ denote the isotope content in per cent of the cor- 
responding isotope content of the methyl group and the carboxyl group of the 
C“H;C'“OOH present as substrate in the medium at the start of the experiment. 


Reference*) | Cu ‘cu "Cu ‘Cu; ‘Cu 
Acetic acid (substrate), carboxyl.... (1) 9850 100 1.00 
Respiratory CO. after start | (1) | | 
of experiment 
65- 95 min. | 0.62 5185 25.6 52.3 2.04 
95-125 “ 0.65 5360 27.1 54.3 2.00 
125-155 “ 0.73 5915 30.0 59.8 1.99 
155-180 “ 0.76 4990 31.4 50.6 1.62 
Glutamic acid, y-carboxy] II 0.20 1730 8.25 | 17.6 2.13 
Lysine carboxy] (17) 0.02 1070 0.83 | 10.9 13.1 
Leucine “ Vil 0.02 1022 0.83 | 10.4 12.5 
Glutamic acid a-carboxyl II 0.09 840 3.72 8.53 2.29 
Aspartic “ Ill 0.08 818 3.31 8.32 2.51 
B-carboxy] 0.10 778 4.14 7.91 1.91 
Serine carboxyl | Vv 0.09 712 3.72 7.23 1.94 
Threonine carboxy] 0.09 683 3.72| 6.94/| 1.86 
Glycine carboxyl | IV 0.09 667 3.72 6.78 1.82 
Valine 0.07 586 2.90 5.95 2.05 
Isoleucine carboxy] VIE 0.09 | 580 | 3.72) 5.88| 1.58 
Alanine carboxy] | Vv _ 0.09 558 3.72 5.66 1.52 
Proline 0.08 480 3.30 4.87 1.48 
Tyrosine “ (2) | 0.09 458 3.72 | 4.66 1.25 
Arginine “ (17) =| «0.07 356 2.90 3.62 1.25 
Histidine “ | @7) | 0.17 | 3 | 7.03 0.04 0.01 
Tyrosine, benzene ring, car-, (2) 0.05 | 506 2.07 5.15 2.49 
bon atom 4 
Threonine, y-carbon atom VI 0.09 530 °#3.72 | 5.38 1.45 
Arginine, guanido carbon (17) 0.06 353 3.59 1.45 


* The figures in parentheses refer to bibliographic references; the Roman nu- 
merals to table numbers. 


an acetate residue and oxalacetic acid to yield citric acid, the resulting 
a-ketoglutaric acid, and subsequently glutamic acid, should possess a 
y-carboxyl with higher C™ content than the a-carboxyl (20-22). Since 
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the degradation of the T'orulopsis glutamic acid confirms this hypothesis, 
it seems probable that the over-all acetic acid metabolism in Torulopsis 
has many features in common with the metabolic pattern of higher or- 
ganisms. 

There are, however, indications that the main entrance of the acetate 
into the metabolic system cannot be confined to a single condensation of 
acetate with oxalacetic acid to citric acid. The ’C%:’C™ ratio of the 
carboxyl groups of lysine and leucine (about 13) points to the occurrence 
of other types of reactions whereby an acetyl residue may appear, more 
or less directly, as the a-carbon atom and the carboxyl] of an amino acid, 
the carboxy] in that case having a preponderance of C™ over C*. The 
full degradation of lysine and leucine might contribute to the solution of 
this problem, which has some bearing on the synthesis of fatty acids from 
acetyl residues. 

In connection with the high C™ value and the almost complete absence 
of C™ in the histidine carboxyl (which indicates the origin of this carboxy] 
group from the methyl group of acetate) it may be mentioned that the 
same labeling occurs in histidine, isolated from E. coli grown on C¥H;C*- 
OOH as the sole source of carbon (16). (In addition we have found that 
a prolonged ninhydrin treatment of histidine partly decomposes the imid- 
azole ring, liberating some CO. For this reason the decarboxylation 
should be carried out under mild conditions, and the CO, evolved during 
the first 10 minutes taken as representing the carboxyl carbon.) 

The isotope values for glycine, serine, and alanine indicate a low C* 
and a high C™ content in the carboxyls and a high C™ content in the 
methylene group and the side chain atoms, which means that recycling 
CQO, is responsible for the carboxyl group, the methyl group of acetate 
giving rise to the non-carboxylic carbon atoms in accordance with the 
assumption of a tricarboxylic acid cycle. In the case of alanine, assuming 
an equilibrium with pyruvic acid, this indicates that the keto and methyl 
groups of the latter acid are derived from the acetate methyl group, and 
that the non-carboxylic carbon atoms of the oxalacetic acid should be 
derived from the same source. Direct measurement of the a + 8-carbon 
atoms of aspartic acid gives a high C™ content and no C". 

The precursor of glycine may be serine (possibly originating from py- 
ruvate), as indicated by the similar values of alanine, serine, and glycine. 
On the other hand, serine may be formed from glycine by a condensation 
of the latter with formate (23-26). If we accept the formate condensa- 
tion, the high C™ value and the absence of C“ in the B-carbon atom would 
indicate that formic acid, in the metabolism of Torulopsis, has been de- 
rived not from carbon dioxide by reduction but by partial oxidation of 
some methyl groups, in accordance with the findings of Welch and Sakami 
(27, 28). 
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The side chain of valine seems to be derived entirely from methyl 
groups of acetate (no C"™ in the side chain atoms), and is thus not derived 
from acetoacetate or acetone, in which case the 6 atom of valine would 
be C'4-labeled. On the other hand, the side chains of isoleucine and 
leucine contain definite amounts of C™ originating from the carboxyl of 
acetate, and this, in the case of isoleucine, agrees with the findings of 
Adelberg and Tatum (29) that the precursor of isoleucine in Neurospora 
crassa contains an acetate residue in the non-carboxylic part of the carbon 
skeleton. 

The case of threonine is not wholly clear. There is considerable evi- 
dence that the y-carbon atom is derived from the carboxyl of acetate, 
since the iodoform from the acetaldehyde (the latter formed from the 
8-y part of threonine) contains a high value of C™ (349) and a low C® 
value (0.06) as shown by direct determination. These values undoubtedly 
indicate an origin from the acetate carboxyl group. On the other hand, 
the mean isotope values of the 6 + y atoms, derived from combustion of 
the acetaldehyde thiosemicarbazone, were found to be C™ 342, C® 0.175. 
The isotope values of the B-carbon atom, as calculated from the val- 
ues of the B + y- and the y-carbon atoms was found to be C™ 335, C® 
0.29. With the correction factor of 1.5 for the iodoform values (see the 
discussion in connection with the degradation of aspartic acid) the values 
of the y-carbon atom become C" 530 and C* 0.09. The calculated values 
of the B-carbon atom become in that case C“ 154 and C" 0.26. With due 
caution we consider these values to be correct in magnitude; thus it ap- 
pears that in the over-all labeling of threonine the carboxyl and the y- 
carbon atom originate from the carboxyl group of the acetate, the a- and 
8-carbon atoms being mainly derived from the methyl group (Table IX). 
(The dominant labeling C'H;C“HOH-C"™H(NH2)C“OOH is also found 
in threonine isolated from E. colt grown on C¥H;C“OOH as the sole source 
of carbon. The values of the y, 8, and a atoms and the carboxy] are, for 
comparison, C'! 418, 32, 113, 441 and C® 0.09, 0.26, 0.14, 0.09.) 

These results might have a connection with the findings of Teas, Horo- 
witz, and Fling (30) that in Neurospora homoserine can be converted to 
threonine to some extent in the growth of a threonineless mutant (strain 
51504) on a basal medium. These authors postulate that the transition 
of homoserine to threonine, which implies the shift of an OH group from 
the y to the 8 position, is controlled by the gene 51504. This reaction 
might pass over an unsaturated amino acid, as proposed by Chargaff and 
Sprinson (31). Homoserine, in turn, contains 4 carbon atoms of a struc- 
ture, which, by hypothesis, could have emanated from aspartic acid. In 
this case the carboxyl group and the y-carbon atom should be preferen- 
tially C-labeled. An OH shift from the HOC"™H, group of homoserine 
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would consequently result in a C'*-labeled methyl group in the threonine 
structure. 

The metabolic breakdown of threonine in Torulopsis (and also in E. coli) 
most probably proceeds via pathways not involving an a,@ split, in which 
case 2 acetate molecules might be formed, one of them containing C' 
(from the y atom) in the methyl group. In such a case all carbon atoms 
of amino acid structures derived from the methyl] group of acetate would 
contain a certain amount of C™, which is contradicted by our findings. 


TaBLeE IX 
Isotope Values of Carbon Atoms of Amino Acids 
The values are compiled from the data of Tables II to VI; the ’C'*:’C® ratio 
is based on the isotope values of the acetic acid of the substrate, carboxyl C* 100, 
methyl C 100. C* is given in atom per cent excess; C'™ in counts per minute per 
15 mg. of barium carbonate. 


Main origin from acetate 


| 
| | carbon atoms 
| 
Glutamic acid, a-carboxyl | 0.09 | $40 | 2.29 | - COOH 
“a, 8B, y atoms 0 | 0.00 | CH, 
“  »-earboxyl 0.20 | 1730 | 2.13 | COOH 
Aspartic a-carboxyl 0.08 | 818 2.51 
‘“ és a, 8 atoms | 0.23 2 | 0.00 | CH; 
 B-carboxyl 0.10 | 778 | 1.91 COOH 
Glycine, carboxy] 0.09 667 1.82 
methylene carbon 0.26 89 0.08 CH; 
Alanine, carboxyl ' 0.09 558 1.52 COOH 
“ a, atoms 0.19 0 0.00 | CH; | 
Valine, carboxyl — 0.07 586 | 2.05 _ COOH 
“a, B, y, y’ atoms , 0.22 10 0.01 CH; | 
Serine, carboxy] 0.09 712 1.94 COOH 
“ a, 8 atoms | 0.21 | 10 | 0.01 | CH; | 
Threonine, carboxy] | 0.09 | 683 | 1.86 | _ COOH 
es a-carbon atom 0.28 150 0.138 CH; | 
y-carbon “ 0.09 530 | 1.45 | COOH 


The results of Meltzer and Sprinson (32) concerning the metabolism of 
y-C''-labeled threonine in rats, in which the acetyl residues of excreted 
acetamidophenylbutyric acid are found to contain C™ in the methyl group, 
seem to be contrary to ours and might be connected with a special meta- 
bolic pathway in higher animals. 


SUMMARY 


1. The isolation of glycine, alanine, serine, threonine, valine, proline, 
leucine, isoleucine, and phenylalanine from the neutral fraction of a pro- 
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tein hydrolysate of Torulopsis yeast has been carried out by aid of an 
ion exchange resin (Dowex-50). Of the neutral amino acids, serine and 
threonine, like leucine and isoleucine, were to a large extent present in 
overlapping fractions. 

2. Serine and threonine have been separated by treatment with con- 
centrated hydriodic acid in the presence of red phosphorus, whereby serine 
is almost quantitatively converted to alanine, threonine being mainly 
untouched by the procedure (125° for 5 hours). The alanine from serine 
and the threonine are then separated on a Dowex column as described 
above. 

3. Degradation methods have been worked out in order to localize the 
isotope content in different carbon atoms of glutamic acid, aspartic acid, 
glycine, alanine, valine, serine, and threonine, isolated from Torulopsis 
yeast grown on CH;C“OOH as the sole source of carbon. 

4. As a result of the degradation procedures and subsequent isotope 
determinations on samples of barium carbonate derived from 1 or several 
carbon atoms of different degradation products of amino acids, the fol- 
lowing has been found. (a) The y-carboxyl of glutamic acid contains 
twice the C' content of the a-carboxyl, the latter being derived from the 
carboxyl and the methyl group of acetic acid in a ratio of 2:1. The 3 
middle carbon atoms of glutamic acid come from the methyl group of 
acetic acid. (b) The two carboxyls of aspartic acid, both being derived 
from the carboxyl and the methyl group of acetic acid in a ratio of 2:1, 
are equally labeled, the 2 middle atoms being derived from the methyl 
group of acetate. (c) In glycine, alanine, serine, and valine the carboxy] 
group has the same C':C® ratio as that of the dicarboxylic acids. All 
atoms of the side chains emanate from the methyl group of acetate. (d) 
The carboxyl group and the y-carbon atom of threonine emanate from the 
carboxyl group of acetic acid, the a-carbon atom from the methyl group 
of acetate. The origin of the 8 atom is mainly from the acetate methy] 
group, but may have been derived partly from the carboxyl group of the 
acetic acid. The connection between threonine and homoserine and as- 
partie acid is discussed. 

5. The ’C:’C*® ratio in the carboxyvls of fourteen amino acids isolated 
from Torulopsis yeast has been determined by taking the C™ and the 
C™ content of the acetic acid used as substrate equal to 100 and calcu- 
lating the C8 and C™ values of the amino acid carboxyls in per cent of the 
corresponding acetate values. It is found that, with the exception of 
leucine, lysine, and histidine, all the amino acid carboxyls have about the 
same ’C%:’C® ratio as that of the respiratory carbon dioxide evolved 
during the last 2 hours of the cultivation experiment. The carboxyls of 
leucine and lysine seem to be derived from acetate carboxyl in a direct 
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manner. The carboxyl group of histidine is derived from the methyl 
group of acetic acid. : 


One of the authors (G. E.) is greatly indebted to the Swedish State 
Scientific and Medical Councils for generous support of this work. 
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The pathway of conversion of 6-phosphogluconate to ribose-5-phosphate 
is being studied in this laboratory (1, 2). It was suggested by Dickens 
(3) that the first product of this enzymatic oxidation was 2-keto-6-phos- 
phogluconate. Although we have obtained evidence for small amounts of 
substances behaving like a 2-ketohexonic acid among the enzymatic deg- 
radation products of 6-phosphogluconate, it is not possible to state that 
these substances were generated in the reaction or were in fact 2-keto- 
hexonate. <A specific, sensitive analytical method for these substances was 
not available. Stubbs et al. (4) utilized the ability of 2- and 5-ketogluconic 
acids to reduce alkaline copper solutions and the optical rotations of these 
substances to estimate their formation from glucose by cultures of Aceto- 
bacter suboxydans. Gérlich and Ocensek (5) also estimated these com- 
pounds by copper reduction methods, using empirical tables to relate re- 
ducing values at 55° and 100° to a concentration of 2-ketogluconate in the 
presence of glucose. Militzer (6) stated that 5-ketogluconic acid could be 
measured in the presence of 2-ketogluconic acid by reduction of Benedict’s 
solution at 25°. Gérlich and Liebster (7) have published a method for 
the determination of ketohexonic acids based on their conversion to dienol 
hexonic acids by hydrochloric acid and subsequent measurement of the 
time required to decolorize methylene blue. This method requires a min- 
imum of 10 mg. of the ketohexonic acid and fails to distinguish between 
the 2-keto and the 5-keto acid. Since none of these methods give the 
sensitivity or specificity required for the analysis of our reaction mixtures, 
we have developed a method for the determination of 2-ketohexonic acids 
based on the formation of 2-hydroxyquinoxalines. These derivatives have 
been used by Ohle (8) in the identification of compounds of this class. 

o-Phenylenediamine will condense with hexonic acids to form benzimid- 
azoles (I), or with 2-ketohexonic acids to form 2-hydroxyquinoxalines (II). 
Benzimidazole formation has been investigated by Moore and Link (9, 


* The work described in this paper was conducted in part under a grant-in-aid 
from the Commonwealth Fund, and in part under the Office of Naval Research con- 
tract N6ori-188, Task Order 1, NR 135-055. 


109 


110 ESTIMATION OF 2-KETOHEXONATE 


10). Strongly acid reaction conditions and temperatures of 120—150° are 
required. In contrast, quinoxaline formation can occur at room tempera- 
tures with 1 equivalent of acid per amino group. 


| OH 
Jen 
H 
(1) (11) 
EXPERIMENTAL 


Absorption spectra of representative quinoxalines are shown in Fig. 1, 
together with that of o-phenylenediamine. 2-Hydroxy-3-methylquinoxa- 
line was prepared by the condensation of pyruvic acid with o-phenylene- 
diamine according to the procedure of Hinsberg (11). 2-Hydroxy-3-((p- 
arabo)tetrahydroxybutyl)quinoxaline was prepared according to the 
procedure of Ohle (8). The ultraviolet absorption of these compounds is 
seen to have a characteristic maximum at about 335 my and is indepen- 
dent of the presence of the 4-carbon carbohydrate residue at the 3 position. 
Similar findings have been reported by Kuhn and Bar (12). Since meas- 
urement of the absorption at 330 my is possible in the presence of excess 
o-phenylenediamine, the isolation of the quinoxaline is unnecessary for its 
estimation. 

The dependence of the reaction on the concentration of the o-phenylene- 
diamine is shown in Fig. 2. A high molar ratio of 280 of reagent to keto 
acid (100 y) is necessary to give a maximum yield. Further increase in 
concentration of the amine improves the yield only slightly. 

In Fig. 3 the rate of the reaction at 100° is shown; a 30 minute heating 
period is seen to give satisfactory quinoxaline formation. 

Fig. 4 shows that the reaction of o-phenylenediamine with 2-keto acids 
is maximum when 2 equivalents of acid per mole of diamine are present, 
and is not affected by any further increase in acidity. 

The following conditions were selected for the estimation of 2-ketohex- 
onic acids: The reagent is a freshly prepared 2.5 per cent aqueous solu- 
tion of o-phenylenediamine dihydrochloride or a solution containing 15 
mg. of free amine per ml. of 0.25 n HCl. To 2 ml. of a neutral solution 
containing 10 to 100 y of 2-ketohexonic acid is added 1 ml. of reagent. 
The reaction tube is heated in a boiling water bath for 30 minutes and 
cooled to room temperature. Optical density is measured at 330 and 360 
mu. The ratio of the optical density at 330 to that at 360 my is 1.51 + 
0.07 for reaction mixtures containing a 2-ketohexonic acid. The optical 
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density-concentration relationship is linear over the range given with a 
precision of +1.6 per cent in triplicate determinations. Table I shows 


| 
A 3,7" \ 
F \ 
\ 
2.8 
\ 
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240 260 280 300 320 340 360 380 400muL 
WAVE LENGTH 


Fic. 1. Quinoxaline spectra. Curve A, 1 X 10-3 m o-phenylenediamine dihydro- 
chloride. Curve B, 2.8 K 10-4 m 2-hydroxy-3-methylquinoxaline. Curve C, 1.8 X 
10-* m 2-hydroxy-3-tetrahydroxybutylquinoxaline. 


6 
At 


OPTICAL DENSITY 330 mu 


@) 50 100 150 200 
MICRO MOLES REAGENT 
Fic. 2. Reaction of 0.215 um of potassium p-2-ketogluconate, heated at 100° for 
10 minutes with varying amounts of o-phenylenediamine. Total volume, 3 ml. 


the relative reactivity of various 2-keto acids to which the procedure has 
been applied. We are indebted to Dr. Peter Regna of Charles Pfizer and | 
Company for generous gifts of salts of the 2-keto acids. 
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The reactivity of various interfering substances is included in Table I. 
The direct condensation of the neutral sugars with o-phenylenediamine 


0 5 30 a5 
MINUTES 


Fic. 3. Reaction rate of 0.215 um of p-2-ketogluconate with 139 um of o-phenyl- 
enediamine dihydrochloride at 100°; total volume, 3 ml. 


1.2} 
RIBOSE 
BI 
> 
2-KE TOGLUCONATE 
4 DEHYDROISOASCORBATE 


mEq HCl PER MEg BASE 
Fig. 4. Effect of acidity on reaction of 139 um of o-phenylenediamine with (a) 
0.215 um of p-2-ketogluconate; (b) 0.667 um of p-ribose; (c) 0.114 um of p-dehydro- 
isoascorbate. 


was shown by Ohle et al. (13, 14) to occur to a significant extent only un- 
der conditions favoring an Amadori type of rearrangement. We have 
particularly investigated the reaction with ribose. In contrast to the re- 
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action with 2-keto acids, the reaction with ribose is sensitive to the acidity 
of the medium, as shown in Fig. 4. By using no more than 2 equivalents 
of acid per mole of diamine, the reaction of ribose is minimized, giving 
only 10 per cent of the optical density at 330 my given by an equivalent 
amount of 2-ketogluconate. 

The presence of interfering sugars is readily recognized by observing the 
ratio of optical densities at 330 and 360 mu. This ratio is raised from the 
1.5 of a pure 2-keto acid solution to 2.5 for an equimolecular mixture of 
2-ketogluconate and ribose. In such a case an independent determination 
of ribose permits correction of the results. 


TABLE I 
Reactivities of Carbohydrate in Quinoxaline Formation 
The values are given in millimoles X 10‘/(optical density (330 myz)). 


A. 2-Keto acids 2-Keto-p-gluconate 4.02 
2-Keto-p-galactonate 4.36 
2-Keto-p-gulonate 3.32 
2-Keto-p-glucoheptonate 8.63 
2-Keto-p-galactoheptonate 3.96 
Pyruvate 17.0 

B. Other substances 5-Keto-p-gluconate 67.8 
p-Glucose 66.0 
p-Galactose 40.0 
p-Ribose 51.3 
p-Arabinose 66.7 
p-Fructose 117.0 
p-Gluconate 2000 
Oxalate 122.0 
Dehydroisoascorbate 2.77 
Dihydroxyacetone 21.9 
Acetylacetone 135.0 


The reaction of compounds of the ascorbate type with o-phenylenedi- 
amine has also been studied by Ohle and Erlbach (15). They have shown 
that condensation occurs between dehydroascorbate and o-phenylenedi- 
amine but does not occur with the enediol form. Application of our re- 
action to 2-keto acid solutions when the presence of such compounds is 
suspected therefore involves precautions against oxidation before and dur- 
ing the reaction period. The reaction between dehydroascorbate and 
o-phenylenediamine differs from that of the 2-ketohexonic acids with the 
reagent in that it proceeds at a measurable rate at room temperature. 
This has been useful in indicating the presence of such compounds in mix- 
tures. 

In applying this 2-keto acid estimation to products of enzymatic reac- 
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tions it should be noted that trichloroacetic acid solutions may contain 
traces of interfering substances. Deproteinization with perchloric acid, 
followed by neutralization, permits quinoxaline formation. 

o-Phenylenediamine has also proved to be a useful reagent for detection 
of 2-ketohexonic acids on paper chromatograms. For this purpose we use 
a 2 per cent solution of the dihydrochloride in 80 per cent ethanol. 50 
y of 2-ketogluconic acid will give a marked reaction when heated with this 
reagent for several minutes at 100°, the background color being unobtru- 
sive. Although some aldoses also give a visible reaction, the color of such 
spots is different from the greenish gray keto acid spots. The keto acid 
spots are fluorescent, and 10 to 20 y quantities, which do not give a visible 
spot, may be detected under an ultraviolet beam. 


SUMMARY 


o-Phenylenediamine may be used as a quantitative reagent for the de- 
termination of 2-ketohexonic acids in amounts of 10 to 100 y, quinoxaline 
formation being recognized by the ultraviolet absorption at 330 mu. Re- 
actions with other types of substances are minimized by control of acidity 
and recognized when present by the ratio of absorption at 2 wave-lengths, 
330 and 360 mu. 

o-Phenylenediamine has also been used as a spraying agent for paper 
chromatograms, readily revealing the presence of 2-ketohexonic acids. 
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The flocculation tests currently used for the serodiagnosis of syphilis in- 
volve the use of an aqueous emulsion of cholesterol, beef heart lecithin, 
and cardiolipin which undergoes aggregation when treated with Wasser- 
mann antibody (1). The réle of cholesterol in this reaction has been de- 
picted as providing a particulate surface which enhances the visibility of 
the aggregates formed by the antigen-antibody reaction (2). However, 
the function of the two phospholipides has not yet been clearly defined. 

Before undertaking further immunological studies on the réle of lecithin 
and cardiolipin, an attempt was made to ascertain the purity of these two 
phospholipides, as prepared customarily for serologic use. Chromatograms 
of several preparations of beef heart lecithin on Magnesol-Celite indicated 
the presence of more than one component. The present report describes 
the isolation of a chromatographically homogeneous, immunologically ac- 
tive lecithin from beef heart lecithin prepared commercially for serologic 
tests. 


EXPERIMENTAL 


Source of Materials—Chromatographic analyses and serologic assays 
were carried out with the following preparations of beef heart lecithin: 
(a) lecithin prepared from dehydrated beef heart (Difco) according to 
Pangborn (3), (b) several lots of the crude CdCl, complex supplied through 
the courtesy of Dr. H. D. Piersma of the Lederle Laboratories Division, 
American Cyanamid Company, and further purified in this laboratory by 
Pangborn’s procedure (3), (c) commercially prepared (LaMotte and Le- 
derle) beef heart lecithin used in the serologic diagnosis of syphilis, (d) a 
preparation procured through the courtesy of Dr. Mary C. Pangborn. 

Except for small variations in the weight proportions eluted from indi- 
vidual zones, all the preparations yielded similar chromatograms. The 


* This investigation was supported by a grant from the Division of Research 
Grants and Fellowships, National Institutes of Health, United States Public Health 
Service. This paper was presented in part at the Federation of American Societies 
for Experimental Biology, Atlantic City, April, 1950. 
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serologic activity was always associated with the material eluted from one 
zone. The chemical analyses reported below were obtained on samples 
prepared from a lot of the crude CdCl, complex. The iodine numbers 
determined before chromatography by Niemierko’s (4) modification of the 
method of Rosenmund and Kuhnhenn (5) varied between 66 to 77 on 
different preparations. 


Chromatographic Procedure 


Magnesol! was used as the adsorbent for the chromatographic studies 
and was treated as follows: A thick slurry was prepared by suspending the 
dry powder in about 0.9 per cent aqueous HCl. The suspension was passed 
through a Biichner filter and the filter cake washed with distilled water 
until the filtrate gave negative tests for chloride ion. The Magnesol was 
then washed with 95 per cent ethanol and dried at room temperature over- 
night and in an electric oven at 100-120° for 24 hours. The thoroughly 
dried material was subsequently powdered in a ball mill and mixed with 
Celite’ in proportions of 5 parts (by weight) of Magnesol to 1 of Celite. 
As indicated below, a weaker adsorbent was used in some instances. This 
was prepared by further heating a sample of the above mixture in an elec- 
tric furnace for 12 hours at 800° (6). 

In a typical chromatographic study, the adsorbent was packed in a 
glass column (50 X 250 mm.) (7). After impregnation of the adsorbent 
with benzene (Merck, c.p.), 500 mg. of lecithin in 15 ml. of benzene were 
added at the top of the column, which was then developed with 500 ml. 
(about two and one-half column lengths) of 2 per cent (by volume) fert- 
butyl aleohol in benzene. The column was then extruded and streaked 
with an aqueous solution of 1 per cent potassium permanganate in 2.5 N 
sodium hydroxide (8). Two zones appeared on the column. Zone I ex- 
tended for 2 cm. from the top of the column. Zone II originated 10 cm. 
from the lower face of Zone I and was 2 cm. long. The permanganate 
streak was carefully scraped away, the zones were cut, and the adsorbed 
material in each zone was eluted with 500 ml. of absolute ethanol. The 
concentration of the developer that had passed through the column yielded 
additional material (Zone III). The following material was recovered: 
for Zone I, 166 mg., Zone II, 160 mg., and Zone III, 170 mg. Serologic 
activity was confined to the material eluted from Zone I for each of the 
beef heart lecithins. Since the present investigation was concerned with 
the isolation of the beef heart lecithin component associated with serologic 
activity, as estimated by the flocculation tests used in the serodiagnosis 

1A synthetic, hydrated magnesium acid silicate manufactured by the Westvaco 


Chlorine Products Company, South Charleston, West Virginia. 
? No. 535 obtained from Johns-Manville, New York. 
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of syphilis, further attempts at purification were confined to the eluate 
of Zone I. 

The material of Zone I was rechromatographed to establish further its 
chromatographic homogeneity. A chromatographic column (80 X 250 


TABLE I 
Serologic Activity of Beef Heart Lecithin and Its Chromatographic Fractions 
Emulsions prepared and tested as in the V. D. R. L. microflocculation test (1). 
Cardiolipin 0.03 per cent, cholesterol 0.9 per cent. 


Positive serum, dilution Nega- 
of test 
substance; 4:4 1:2 1:4 | 1:8 1:16 1:32 
per cent 
Beef heart 0.200 (++++\++4++4+!/4+4+4++4+) +4 0 0 0 0 
lecithin 0.23 ($4+4+4+/)/+4+4+4+/+4+4+4+/4+4+4+4+) + 0 0 0 
0.206 ++ | 0 0 0 
0.20 Pettitt tt +] 0 
Zone Leluate | 0.20 |++++\++++4+/| +++ + + 0 0 0 
0.22 (++4+4+/++4+4+\4+4+4++, ++ + 0 0 0 
0.2% 4+4+4+4+) +++) ++ + +} 0 0 
0.26 +++) ++ 0 0 
Zone IA elu- | 0.10 + oa + + + +i + wy 
ate 0.30 + + + + + +i + + 
0.50 + + + + + +i + + 
Zone IB elu- | 0.10 + + + + + 
ate 0.200 +4+44+/+4+4++4+) +++ + 0 0 0 0 
0.25 +++ + 0 0 0 
0.30 (+++4+/+4+4+4+\/4+4+4+4+) +++ + 0 0 0 
Zone II elu- | 0.10 0 0 0 0 0 0 0 0 
ate 0.30 + 0 0 0 0 0 0 0 
0.50 + + + + + +i + + 
Zone III elu- | 0.10 ++ ++ > ++ | +4 
ate 0.30 ++ ++ | ++ ++ te itt] ++ | ++ 
0.50 ++ ++ ++ ++ | ++ 
Eluates of | 0.20 ++++/++++ 0 0 
Zones I + | 0.25 ++ 0 0 0 
II + Ill 0.30 ++ 0 0 0 0 


0, no aggregation of antigen particles; ++-+-+, complete aggregation of antigen 
particles. 


mm.) was packed with the Magnesol-Celite which had been heated at 800° 
for 12 hours (6). After wetting the column with benzene, 150 mg. of the 
eluate of Zone I dissolved in 5 ml. of benzene were added at the top of the 
column, which was then developed with 200 ml. of 25 per cent (by volume) 
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absolute ethanol in benzene. The column was washed with 200 ml. of 
benzene, extruded, and streaked with permanganate. Two zones were 
visible at distances of 1 cm. (Zone IA) and 5 cm. (Zone IB) from the top 
of the column. These were cut and the materials contained therein were 
eluted, each with 250 ml. of absolute ethanol. 50 mg. of serologically in- 
active material were recovered from Zone IA. Zone IB yielded 100 mg. 
of a serologically active substance (see Table I). The eluate from Zone 
IB could be rechromatographed on heated Magnesol-Celite without fur- 
ther chromatographic separations, even with a 3-fold increase in the vol- 
ume of developer. 


Isolation and Characterization of Serologically Active 
Component in Beef Heart Lecithin 


It was noted during the course of this work that the eluate of Zone IB 
formed a complex with CdCl: which was only slightly soluble in ethanol. 
The serologically inactive material of Zone IA did not form this insoluble 
complex. Subsequently, CdCl. was used to effect the separation of ma- 
terial from Zone I into its active and inactive components without resort 
to the second chromatographic procedure. The ethanolic eluate of Zone 
I was concentrated under reduced pressure at 30—40° in an atmosphere of 
CO: to approximately 10 ml. A saturated solution of CdCl, in ethanol 
was then added dropwise until maximal turbidity developed, and the pre- 
cipitate was removed by centrifugation. 

The supernatant fluid, when concentrated to dryness in vacuo at 30—40° 
under a stream of COs, yielded a solid material which was serologically 
inactive and corresponded chromatographically to the material from Zone 
IA. The precipitate, prepared with the eluate of either Zone I or Zone 
IB, was dissolved in a small volume of benzene (about 4 ml. of solvent for 
100 mg. of the CdCl, precipitate) and absolute ethanol added until a slight 
turbidity developed. Microscopic crystals separated on chilling the solu- 
tion in the ice box overnight. ‘The compound melted with decomposition 
between 160° and 180°, depending on the rate of heating. The compound 
was analyzed for P(CdCl,)2.3 


Calculated. C 44.76, H 7.34, N 1.24, P 2.75, Cl 12.5, iodine No. 22.6 
Found. ** 45.36, 7.35, 1.25, 2.74, 11.9, 21 .2¢ 


A 10 per cent solution in benzene showed no optical activity. 
Further analyses of the eluate of Zone IB were made after the removal 
of the CdCl, from the lecithin molecule by a modification of Levene’s 


*The combustion analyses were performed by the Clark Microanalytical Labo- 
ratory, Urbana, Illinois. 
‘ Rosenmund-Kuhnhenn method (4, 5). 
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method (9). 100 mg. of the complex were dissolved in 15 ml. of benzene. 
1 ml. of 80 per cent alcohol was added and ammonia gas passed through 
the solution. The precipitate which formed was removed by centrifuga- 
tion and nitrogen was bubbled through the supernatant fluid to remove 
the ammonia. 50 ml. of absolute ethanol were added and the solution 
was concentrated to about 10 ml. The weight of the lecithin, as estimated 
by drying and weighing an aliquot, was 75 mg. This compound crystal- 
lized from ethanol-acetone (1:1) and melted at 140-150° (decomposition, 
depending on the rate of heating). The compound was unstable and on 
standing turned into a viscous brown sirup. A carbon-hydrogen analysis 
was not obtained. The nitrogen and phosphorus contents of a freshly 
prepared sample agreed with the formula CyHs20sN P. 


Calculated. N 1.84, P 4.08, iodine No. 33.4 
Found. ** 1.82, 4.06, ‘* 37 .4-40.3* 


Serologic Activity of Preparations of Beef Heart Lecithin and Their 
Chromatographically Separated Components 

As shown in Table I, serologic assays were performed with the prepara- 
tions of beef heart lecithin before and after chromatographic separation. 
Cholesterol-lecithin-cardiolipin emulsions were prepared as for the V. D. 
R. L. microflocculation test (1) by mixing 0.9 per cent NaCl solution with 
an alcoholic solution containing 0.9 per cent cholesterol and 0.03 per cent 
cardiolipin, in addition to the beef heart lecithin or the designated frac- 
tion. Several concentrations of each fraction were tested with sera of 
known reactivity, as well as with saline and negative serum controls. 

Substitution of the individual, serologically inactive chromatographic 
fractions for the commercial product yielded coarse, partially aggregated 
antigen suspensions which were not further clumped in the presence of 
sera containing Wassermann antibody. The eluates from Zones I and IB, 
in contrast to those from Zones IA, II, and III, formed antigen suspen- 
sions which were visually and serologically indistinguishable from the orig- 
inal commercial preparation (see Table 1). The data given in Table I are 
representative of the results obtained with the various preparations of beef 
heart lecithin listed above and their chromatographic components. 

Recombination of the individual chromatographic fractions (Table I) 
in the proportions isolated yielded a reconstituted beef heart lecithin which 
exhibited optimal activity at a concentration of 0.20 per cent (total), 
closely similar to that of the non-chromatographed material (0.26 per 
cent). 

The serologic behavior of the active lecithin fraction (Zone IB eluate) 
obtained from two commercial preparations of beef heart lecithin was fur- 
ther studied in tests with 605 sera submitted for routine serodiagnosis. 
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Each of these sera was subjected to parallel tests with the standard V. D. 
R. L. antigen (1), the Eagle flocculation test antigen (1), and an antigen 
containing the eluate from Zone IB in optimal concentration. Complete 
agreement in all three tests was observed in 97 per cent of the 605 sera. 
These sera included 132 specimens that yielded positive reactions with 
the Eagle and V. D. R. L. test antigens. The discrepancies observed with 
the antigens prepared from the eluates of Zone IB were no more numerous 
than those which occurred with the two standard serologic test antigens. 


DISCUSSION 


Investigations of the mechanism of the flocculation tests used for the 
serodiagnosis of syphilis have been hampered by the impurity of the rea- 
gents employed. The isolation of a chromatographically pure lecithin, 
whose cadmium chloride complex has the probable empirical formula Cy- 
Hs20sN P(CdCl2)2, makes available one of these reagents in purified form. 

Since the eluate of Zone IB, which contains the purified lecithin, con- 
stitutes approximately 20 to 30 per cent of the weight of the commercial 
lecithin used as starting material, it would be expected to possess a pro- 
portionately greater activity on a weight basis of the starting material. 
However, this was not the case and it is therefore necessary to assume 
either that a loss of active material occurred as a result of deterioriation 
during chromatographic separation, or that the other fractions separated 
by chromatography exerted some accessory function. The experimental 
data seem to be in accord with the latter alternative since, on recombina- 
tion of Zones I, II, and III in the proportions in which they were isolated, 
optimal activity was achieved with approximately material of the same 
weight as the original beef heart lecithin. Thus it would seem that the 
other fractions, 7.e. the eluates of Zones II and III, although devoid of ac- 
tivity when used alone, contribute in some manner towards producing a 
satisfactory emulsion and thus enhance the activity of the eluate of Zone 
IB. Further exploration of this finding, possibly in terms of the surface- 
active properties of the several components, might be considered. 

The possibility of chemical degradation also appears unlikely since the 
material of Zone IB can be isolated from the eluate of Zone I by either 
rechromatography or the formation of a cadmium chloride addition com- 
pound. Both products possess similar activity and are comparable in 
terms of their iodine numbers on a molar basis. Moreover, on rechroma- 
tography with a relatively large volume of developer, Zone IB was not 
further fractionated. These findings would seem to indicate that the puri- 
fied lecithin in Zone IB is stable under the manipulative procedures em- 
ployed in its isolation from commercial beef heart lecithin. 

It is of immunological interest to note that synthetic a-lecithins (dipal- 
mitoyl and dimyristoyl) have been successfully substituted for the nat- 
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urally occurring beef heart lecithin in flocculation tests for the laboratory 
diagnosis of syphilis (10, 11). Determinations of the iodine number for 
the purified lecithin in the eluate of Zone IB indicate the presence of one 
double bond in the molecule, thus differentiating this substance from the 
synthetic lecithins, which contain only saturated fatty acids. It would 
therefore appear that the nature of the fatty acids present in the lecithin 
molecule may not be critical in terms of its serologic activity. Additional 
information on this question may emerge from further studies now in prog- 
ress on the chemical and immunological characterization of the chroma- 
tographically purified lecithin. 


SUMMARY 


1. Commercial beef heart lecithin has been fractionated chromatograph- 
ically and a lecithin cadmium chloride addition compound of the probable 
molecular formula CyHs20gN P(CdCl:)2 has been isolated from one of the 
fractions. 

2. In conjunction with cardiolipin and cholesterol, this lecithin forms a 
suitable emulsion in the Venereal Disease Research Laboratory flocculation 
test for syphilis. The other fractions isolated chromatographically from 
beef heart lecithin were individually inactive in serologic tests. 


We are indebted to Dr. H. D. Piersma of the Lederle Laboratories Di- 
vision, American Cyanamid Company, for the generous supplies of beef 
heart lecithin and cardiolipin used in this study and to Dr. Mary C. Pang- 
born for supplying a sample of beef heart lecithin. The technical assist- 
ance of Miss Mary B. Stevens and Mrs. LaVerne Grove is gratefully 
acknowledged. We wish to thank Dr. T. B. Turner, Dr. J. E. Moore, 
and Dr. M. M. Mayer for their interest in this work. 
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DI- AND TRIPHOSPHOPYRIDINE NUCLEOTIDE ISOCITRIC 
DEHYDROGENASES IN YEAST* 


By ARTHUR KORNBERG anp W. E. PRICER, Jr. 
(From the National Institutes of Health, Bethesda, Maryland) 


(Received for publication, October 12, 1950) 


The biological conversion of d-isocitric to a-ketoglutaric acid was es- 
tablished by the work of Martius and others (1-4). Adler et al. showed 
that, with extracts of acetone powders of animal tissues, triphosphopyri- 
dine nucleotide (TPN) is a specific coenzyme in the reaction and cited 
evidence for a similar specificity in yeast. Ochoa (5) synthesized oxalosuc- 
cinic acid, the intermediate postulated by Martius, and showed that the 
decarboxylation of this unstable 8-keto acid is enzymatically catalyzed. 
He demonstrated further that in the presence of an enzyme preparation 
from pig heart and reduced TPN (TPNH) isocitric acid is formed from 
either oxalosuccinic acid or from a-ketoglutaric acid and carbon dioxide. 
Grisolia and Vennesland (6) confirmed the fixation of carbon dioxide in 
the B-carboxyl] carbon of isocitrate when isocitrate, NaHC"“O;, a-keto- 
glutarate, Mnt+, and TPN were incubated with an extract of pigeon liver 
acetone powder. The conversion of isocitrate to a-ketoglutarate may 
therefore be formulated by the following reactions. 


(1) d-Isocitric acid + TPN = oxalosuccinic acid + TPNH, 
(2) Oxalosuccinic acid @ a-ketoglutaric acid + CO, 
(3) d-Isocitric acid + TPN = a-ketoglutaric acid + TPNH: + CO, 


In studies of isocitric acid breakdown in yeast, we have observed the 
occurrence of two distinct and readily separable systems for the conver- 
sion of isocitric acid to a-ketoglutaric acid. One is TPN-specific and is 
entirely comparable with that studied by Ochoa in animal tissues. The 
other is diphosphopyridine nucleotide (DPN)-specific, has an absolute and 
specific requirement for adenosine-5-phosphate, fails to catalyze the de- 
carboxylation of oxalosuccinate, and does not bring about the synthesis 
of isocitrate either from oxalosuccinate or from a-ketoglutarate and carbon 
dioxide. 


Methods 


Materials—DPN (purity 0.78) was prepared by a modification of the 
method of Williamson and Green (7). Reduced DPN (DPNH,:) of purity 
* A preliminary report of this work has been published (Kornberg, A., Federation 
Proc., 9, 192 (1950)). 
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0.61 was prepared by Ohlmeyer’s method (8). TPN (purity 0.86) was 
obtained by ion exchange chromatography of a crude liver fraction.! 
Crystalline adenosine-5-phosphoric acid and the barium salts of inosinic, 
adenosinediphosphoric (ADP), and adenosinetriphosphoric (ATP) acids 
were obtained from the Sigma Chemical Company. Barium inosinate 
was also prepared by enzymatic deamination of adenosine-5-phosphate 
(9). The adenyl pyrophosphates were purified by washing the barium 
salts two to five times with cold 0.1 mM acetate buffer, pH 4.0. Crystalline 
adenosine-3-phosphoric acid and adenylic acid a were prepared according 
to Cohn (10). a-Ketoglutaric acid (m.p. 114-115°) was kindly furnished 
by Dr. L. B. Lockwood and dl-isocitric acid (11) and barium oxalosuc- 
cinate (5) by Dr. 8. Ochoa. d-Isocitrate was prepared by alkaline hydrol- 
ysis of dimethyl-d-isocitric lactone, generously supplied by Dr. A. Meister. 

Adenosine-5-phosphate deaminase (12) was purified by adsorption on 
aluminum hydroxide gel and ammonium sulfate fractionation.? Lactic 
dehydrogenase was purified from rabbit muscle (13) and Zwischenferment 
from dried beer yeast (13). 

Glutamic dehydrogenase was partially purified as follows: 5 gm. of beef 
liver acetone powder (prepared in the same way as hog liver powder (14)) 
were suspended in 50 cc. of 0.1 m NazHPO, for 10 minutes at 25°. Sub- 
sequent operations were carried out at 3°. The residue was removed by 
centrifugation, the supernatant (41.5 cc.) treated with 9.42 gm. of am- 
monium sulfate, and the precipitate, collected by centrifugation, dissolved 
in water to a volume of 41.5 cc. Ammonium sulfate (7.5 gm.) was added 
to this fraction and the precipitate was removed. 1.4 gm. of ammonium 
sulfate were added to the supernatant; the precipitate collected by cen- 
trifugation was dissolved in water to a volume of 70 cc. Calcium phos- 
phate gel (15) (5.5 cc. containing 45 mg. of dry weight) was added and 
after 5 minutes was centrifuged and discarded. 10 cc. of gel were added 
to the supernatant. After 5 minutes the gel was centrifuged and then 
eluted with two 17 cc. portions of phosphate buffer (0.05 m, pH 7.0). 
This eluate catalyzed the oxidation of DPNH: or TPNH: in the presence 
of a-ketoglutarate and ammonium ion at the rate of 3 um (micromoles) 
per minute per cc. or 4 uM per minute per mg. of protein. The prepara- 
tion contained 31 per cent of the glutamic dehydrogenase present in the 
original extract and was 20-fold purified with respect to protein. The 
enzyme was fully active after 3 months at 3°. 

Determinations—The incubation mixture for assay of DPN isocitric de- 
hydrogenase activity contained 0.2 cc. of potassium phosphate buffer (0.5 


1 Kornberg, A., and Horecker, B. L., unpublished. 
? Personal communication from Dr. 8. P. Colowick. 
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mM, pH 7.0), 0.1 ec. of magnesium chloride (0.1 Mm), 0.02 cc. of adenosine-5- 
phosphate (0.025 m), 0.02 ec. of DPN (0.05 m), 0.1 cc. of dl-isocitrate 
(0.005 mM), enzyme solution, and water to a final volume of 3.0 cc. In 
assays of crude extracts of bakers’ yeast, 0.1 cc. of potassium cyanide 
(0.3 M, pH 7.0) was added. The blank cell lacked isocitrate. With puri- 
fied enzyme preparations no reaction was observed in the absence of iso- 
citrate. The increase in optical density at 340 my resulting from the re- 
duction of DPN was observed at 30 second intervals for 3 minutes in a 
cuvette of 1 cm. light path in a Beckman model DU spectrophotometer. 
A unit of enzyme activity has been defined as the amount causing the 
reduction of 1 um of DPN in 20 minutes and specific activity as units per 
mg. of protein. When the amount of enzyme added did not exceed 0.2 of 
an enzyme unit, the density increase remained linear for 3 minutes and 
the rate was proportional to the amount of enzyme added. The molecu- 
lar extinction coefficient of 6.22 10° sq. cm. per mole (16) was used for 
the reduced pyridine nucleotide. Assays were performed at room tem- 
perature (22-25°). The TPN isocitric dehydrogenase assay was identical 
except that 0.02 cc. of TPN (0.025 mM) was present and DPN and adeno- 
sine-5-phosphate were omitted. 

Oxalosuccinic carboxylase activity was determined spectrophotomet- 
rically as recently reported (17, 18). The magnitude of the peak increase 
in optical density at 240 my upon the addition of enzyme to an oxalosuc- 
cinate-Mn** solution is, within limits, a quantitative measure of oxalosuc- 
cinic carboxylase content. Tris(hydroxymethyl)aminomethane | buffer 
(0.08 mM, pH 7.5) was used and the concentration of manganous chloride 
was 6.7 K 1074 M. 

Protein concentration was determined by the nephelometric method of 
Biicher (19) in the Beckman spectrophotometer at 340 my and by a micro 
adaptation of the phenol determination, as recently described (20). 

a-Ketoglutarate was determined as the 2,4-dinitrophenylhydrazone by 
the method of Friedemann and Haugen (21) or by the following enzymatic 
procedure. In the presence of an excess of DPNH:2 (or TPNH:2) and am- 
monium ion and 0.1 cc. of the partially purified glutamic dehydrogenase, 
up to 0.3 um of a-ketoglutarate is completely reduced within a 10 minute 
period. The oxidation of the reduced pyridine nucleotide observed in the 
spectrophotometer at 340 mu is a direct and specific measure of the amount 


' of a-ketoglutarate present. 


Isocitrate was determined spectrophotometrically by the reduction of 
TPN with pig heart isocitrie dehydrogenase (4), pyruvate by the reoxida- 
tion of DPNH: with lactic dehydrogenase (22), and adenosine-5-phosphate 
by the decrease in optical density at 265 my upon enzymatic deamina- 
tion (9). 


e 

e 

e 
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Results 
Enzyme Purification® 


DPN isocitric dehydrogenase was purified from bakers’ and brewers’ 
yeasts. TPN isocitric dehydrogenase was identified in both yeasts but 
purified only from bakers’ yeast. 

DPN Isocitric Dehydrogenase from Bakers’ Yeast—Fresh, pressed bakers’ 
yeast (40 gm.) was mechanically shaken with 200 gm. of sea sand (40 to 
80 mesh) and 200 cc. of 0.1 m sodium bicarbonate for 90 minutes at 3°, 
essentially as described by Curran and Evans for the disintegration of 


TaBLeE I 
Purification of DPN and TPN Isocitric Dehydrogenases 
DPN enzyme from bakers’ yeast TPN enzyme from bakers’ yeast 
Total Specifi Total 
Step activity Step = 
units per units per 
mg. protein mg. protein 
Extract 1370 0.9 Extract 825 0.6 
Ammonium Sulfate A 1425 5.0 Ammonium Sulfate I 625 2.1 
925 16.7 | Heating 612 2.5 
Cy eluate 777 46.2 Ethanol 386 12.4 
DPN enzyme from ale yeast TPN enzyme from beer yeast 
Autolysate 205 0.2 Autolysate 1100 0.4 
Ammonium Sulfate a 168 0.7 
Protamine 163 1.7 
Ethanol 93 7.3 
Ammonium Sulfate b 56 15.4 


bacterial cells (23). A slightly opalescent supernatant was obtained on 
centrifugation for 10 minutes at 10,000 r.p.m. in a Servall angle centrifuge. 
To 145 cc. of this extract (Table I) were added 35 gm. of ammonium sul- 
fate. The precipitate was separated by centrifugation and discarded. 
Ammonium sulfate (9.4 gm.) was added to the supernatant, and the pre- 
cipitate collected by centrifugation and dissolved in water to a volume of 
50 cc. (Ammonium Sulfate A). (The supernatant was used for purifica- 
tion of TPN isocitric dehydrogenase.) An equal volume of acetate buffer 
(0.1 m, pH 5.5) and then 26 gm. of ammonium sulfate were added. The 
precipitate was removed by centrifugation and discarded. Ammonium 
sulfate (6.0 gm.) was added to the supernatant, and the precipitate, col- 


3 All operations were carried out at 3° unless otherwise specified. 


 — 
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lected by centrifugation, was dissolved to a volume of 12 cc. (Ammonium 
Sulfate B). Water (50 cc.) and then aluminum hydroxide gel Cy (24) 
(6.0 ce. containing 93 mg. of dry weight) were added. After 5 minutes 
the gel was centrifuged, washed twice with 60 cc. portions of phosphate 
buffer (0.02 m, pH 7.2), and eluted twice with 50 cc. portions of phosphate 
buffer (0.1 mM, pH 7.6) (Cy eluate). This eluate lost about 40 per cent of 
its activity after 24 hours at 3° and about 70 per cent after 48 hours; at 
— 15° only 10 to 20 per cent was lost after 48 hours. 

DPN Isocitric Dehydrogenase from Ale Yeast—Dried ale yeast‘ (14) (30 
gm.) was autolyzed in 3 volumes of 0.1 M sodium bicarbonate for 40 hours 
at 30° and then centrifuged to remove the residue. To 60 cc. of super- 
natant were added an equal volume of cold water and 42 gm. of ammonium 
sulfate. The precipitate collected by centrifugation was dissolved in wa- 
ter to a volume of 25 cc. (Ammonium Sulfate a). Salmine sulfate (50 mg. 
in 2.5 cc. of water) was added, the precipitate centrifuged and discarded, 
and the supernatant dialyzed for 60 minutes against running, cold distilled 
water. The dialysate (26 cc.) was then diluted with 26 cc. of water and 
13 cc. of acetate buffer (0.1 mM, pH 5.0) and fractionated with ethanol at 
—2° to —4°. The precipitate formed by the addition of 5 cc. of ethanol 
was removed by centrifugation and discarded. To the supernatant were 
added 6.0 cc. of ethanol and the precipitate was dissolved in water with 
the aid of a few drops of glycylglycine buffer (0.25 m, pH 7.4) to a volume 
of 7.6 cc. (ethanol fraction). Ammonium sulfate (2.5 gm.) was added. 
The precipitate was removed by centrifugation and 0.7 gm. of ammonium 
sulfate was added to the supernatant. The precipitate was dissolved in 
4 cc. of glycylglycine buffer (0.06 m, pH 7.4) (Ammonium Sulfate 6). The 
stability of this fraction was similar to that obtained from bakers’ yeast. 

TPN Isocitric Dehydrogenase from Bakers’ Yeast—The starting material 
was the supernatant obtained upon removal of the DPN isocitric dehydro- 
genase fraction, Ammonium Sulfate A. To this supernatant were added 
15 gm. of ammonium sulfate; the precipitate was separated by centrifuga- 
tion and discarded. Ammonium sulfate (21 gm.) was added to the super- 
natant and the precipitate, collected by centrifugation, was dissolved in 
water to a volume of 25 cc. (Ammonium Sulfate I). This fraction was 
placed in a 60° water bath for 5 minutes and the precipitate which de- 
veloped was removed by centrifugation. The supernatant was dialyzed 
for 2 hours against running, cold distilled water and then adjusted with 
0.1 N acetic acid to pH 4.7. Ethanol fractionation was carried out at 
—2° to —5°. To 27.5 cc. were added 2.2 cc. of ethanol and the precipitate 
was centrifuged and discarded. Ethanol (8.5 cc.) was added to the super- 


‘Kindly furnished by Mr. F. X. Schneider of the Gunther Brewing Company, 
Baltimore. 
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natant and the resulting precipitate dissolved in phosphate buffer (0.03 
M, pH 7.0) to a volume of 15 ec. ‘This fraction was fully active after 4 
weeks at —15°. 

TPN Isocitric Dehydrogenase from Beer Yeast—Dry beer yeast® (14) was 
autolyzed in 3 volumes of 0.1 mM sodium bicarbonate for 4 hours at 34° 
and then centrifuged to remove the residue. The supernatant was not 
purified further. 

The concentration of the DPN and TPN isocitric dehydrogenase activi- 
ties in these extracts of fresh bakers’ yeast is similar; the relatively low 
concentration of DPN isocitric dehydrogenase found in dried beer yeast 


A. B 
| 
DPN TPN | | 
5001 — 150 TPN — 
/ 
1 | 1 1 
OPN 
be ADDED TPN ADDED 


TIME IN MINUTES 
Fic. 1. Pyridine coenzyme specificity of the DPN and TPN isocitric dehydro- 
genases. (A) 0.05 cc. of Cy eluate (DPN isocitric dehydrogenase) and 0.05 cc. of 
adenosine-5-phosphate (0.02 m). (B) 0.02 cc. of TPN isocitric dehydrogenase (etha- 
nol fraction). The incubation mixtures also included 0.20 ce. of phosphate buffer 
(0.6 mM, pH 7.0),0.10 cc. of magnesium chloride (0.1 mM), 0.10 cc. of d-isocitrate (0.015 Mm), 
and 0.48 um of DPN or TPN as indicated. 


autolysate is probably due to the instability of this enzyme. The lability 
of DPN isocitric dehydrogenase may be used as a means of freeing a TPN 
isocitric dehydrogenase preparation of this activity, while separation of 
the DPN and TPN systems may be achieved by fractionation with am- 
monium sulfate. 

Pyridine Coenzyme Specificity—There was no detectable reaction with 
TPN in the case of the purified DPN isocitric dehydrogenase (Fig. 1, A) 
and no reaction with DPN in the case of the purified TPN enzyme (Fig. 
1, B). Also, as shown in Fig. 1, subsequent addition of the proper coen- 
zymes resulted in the expected rate of reaction, indicating no significant 
inhibitory effect by the inactive coenzyme present. 


5’ Kindly furnished by Anheuser-Busch, Inc., St. Louis. 
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Adenosine-5-phosphate Requirement of DPN System—The rate of reac- 
tion of DPN isocitric dehydrogenase depends on adenosine-5-phosphate 
concentration, as is shown in Fig. 2. The dissociation constant (K,) (25) 
of the adenosine-5-phosphate-enzyme complex, indicated by the nucleo- 
tide concentration at half maximal rate, is approximately 9 X 10~* m in 
the two experiments. Adenosine, adenosine-3-phosphate, adenylic acid a, 
inosine-5-phosphate, and ATP tested at levels of 1 X 10-° M and 2 X 10~ 
mM showed no detectable activity in replacing adenosine-5-phosphate. Sub- 
sequent addition of adenosine-5-phosphate to an incubation mixture con- 
taining an inactive nucleotide resulted in isocitric dehydrogenase activity. 
The observed activation by adenosine-5-phosphate did not appear to be 
due to a contaminant in the preparation, since adenosine-5-phosphate de- 
aminase destroyed the effect.® 


2.5. 


2.0'— 


1.5 


1.0 


UNITS PER CC. 


0.5 


0 


@) 0.5 1.0 1.5 2.0 
ADENOSINE - 5-PHOSPHATE -M X 104 
Fic. 2. Adenosine-5-phosphate requirement of DPN isocitric dehydrogenase. The 
incubation mixtures were as in Fig. 1, A. The enzyme preparation in Experiment 
2 was older and less active than that for Experiment 1. 


ADP in high concentration appears to replace adenosine-5-phosphate to 
a limited extent. With additions of 0.28, 0.70, and 1.40 um of ADP, re- 
spective rates of 0.38, 0.60, and 0.70 units per cc. were observed under 
conditions in which 0.013 um of adenosine-5-phosphate produced a rate of 
0.83 unit per cc. (Fig. 2, Experiment 1). On this basis ADP is only about 
1 per cent as active as adenosine-5-phosphate. Incubation with deami- 
nase did not significantly reduce the ADP effect. 

By the use of deaminase, it was possible to demonstrate the presence of 
udenosine-5-phosphate even in purified enzyme and DPN preparations. It 


6 Adenosine-5-phosphate (0.40 um) was incubated with 0.02 ce. of deaminase in 
3.0 ec. of succinate buffer (0.033 m, pH 6.0) for 15 minutes at 25°. The sample was 
placed in a boiling water bath for 2 minutes to inactivate the deaminase. In a 
control sample, the adenosine-5-phosphate was added after the enzyme-buffer mix- 
ture had been heated. Aliquots (2.0 cc.) were substituted for adenosine-5-phosphate 
in a DPN isocitric dehydrogenase assay and the following rates (units per cc.) ob- 
served: 0.05 for the deaminase-treated sample and 1.10 for the control. 


| EXPT. | | 
| 
EXPT. 2. | 
| 
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may be noted in Fig. 2 that even without added adenosine-5-phosphate a 
perceptible reaction was observed, an effect which may have resulted from 
the presence of 1 y or less of adenosine-5-phosphate either in the enzyme 
or DPN preparations. 

No change in the rate of TPN isocitric dehydrogenase was observed on 
the addition of adenosine-5-phosphate. 

Catalytic Function of Adenosine-6-phosphate—The catalytic participation 
of adenosine-5-phosphate in the DPN isocitric dehydrogenase reaction was 
shown by the effectiveness of adenosine-5-phosphate in the oxidation of 
several times the stoichiometric amount of isocitrate and by the quantita- 
tive recovery of adenosine-5-phosphate at the end of the reaction. For 
spectrophotometric measurement of adenosine-5-phosphate, it was neces- 


TaBLeE II 
Catalytic Participation of Adenosine-6-phosphate in Isocitrate Oxidation 


The incubation mixture in the experimental contained 0.15 cc. of pyruvate (0.026 
M), 0.05 cc. of MgCl. (0.1 mM), 0.05 ec. of DPN (0.001 m), 0.20 cc. of d-isocitrate (0.016 
M), 1.00 cc. of DPN isocitric dehydrogenase (Cy eluate), 0.05 cc. of lactic dehydro- 
genase, and0.10 cc. of adenosine-5-phosphate (0.003 m). After30 minutes at 24°, the 
mixture was placed in boiling water for 2 minutes and the resultant precipitate 
removed. In the control, the additions were the same, except that isocitrate was 
omitted during the incubation and added only after removal of the sample from the 
boiling water bath. The values are in micromoles. 


Pyruvate d-Isocitrate | Adenosine-5-P 
Experimental............ 1.33 | 0.64 | 0.297 
| 3.85 | 3.17 | 0.295 
—2.52 | — 2.53 | 0.00 


sary to avoid large amounts of pyridine nucleotide. This was achieved 
through the dismutation (26) 


d-Isocitrate + DPN — a-ketoglutarate + DPNH, + CO, 
Pyruvate + DPNH, — lactate + DPN 


The results are shown in Table II. 

Conversion of d-Isocitrate to a-Ketoglutarate—The relationship between 
isocitrate concentration and the rate of reaction is shown in Fig. 3. While 
only the natural d form is reactive, no inhibitory effect was apparent when 
the racemic mixture was used. The K, of the substrate-enzyme complex 
was 1.1 K 10m for the DPN enzyme and 4 X 10-5 om for the TPN en- 
zyme. When isocitrate was replaced by citrate and hydroxy citrate’ (allo 


7 Kindly furnished by Dr. A. W. Schrecker. 
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and threo forms) in tests with DPN isocitric dehydrogenase, no reaction 
was observed. 


OPN SYSTEM Le 
VU 
d 
5.0 
Zz 
> 

2.5 


0) 2.5 5.0 7.5 10.0 12.5 15.0 
d -1SOCITRATE-M x 104 
Fic. 3. Substrate affinities for DPN and TPN isocitric dehydrogenases. Incu- 
bation mixtures as in Fig. 1 except that 2.5 um of DPN or 2.3 um of TPN were present 
and the isocitrate concentration was varied. DPN isocitric dehydrogenase with 
d-isocitrate, &; DPN isocitric dehydrogenase with dl-isocitrate (concentration 
calculated as d-isocitrate), @; TPN isocitric dehydrogenase with d-isocitrate @. 


TaB_Le III 

Conversion of Isocitrate to a-Ketoglutarate 
The incubation mixtures contained in the erperimental (DPN system) —0.20 cc. 
of phosphate buffer (0.5 m, pH 7.0), 0.10 cc. of magnesium chloride (0.1 m), 0.20 cc. 
of dl-isocitrate (0.005 m), 0.05 ec. of DPN (0.05 m), 0.05 cc. of adenosine-5-phosphate 
(0.025 m), 0.40 cc. of Cy eluate, and water to a volume of 3.0 cc. Experimental 
(TPN system)-phosphate, magnesium chloride, isocitrate, and water as above, 
0.50 cc. of TPN (0.001 m), and 0.10 cc. of heated Ammonium Sulfate I. The controls 
lacked DPN and TPN. After 6 minutes at 25°, the mixtures were placed in a boil- 

ing water bath for 2 minutes. The values are in micromoles. 


DPN isocitric dehydrogenase TPN isocitric dehydrogenase 
d-Isocitrate DPNH: d-Isocitrate TPNH: 

Experimental.......... 0.07 | 0.40 0.41 0.23 0.30 0.33 

0.50 | 0.00 0.00 0.50 0.00 0.00 

~0.43 | +0.40 +0.41 | —0.27 | +0.30 | +0.33 


With both the DPN and TPN isocitric dehydrogenases, the disappear- 
ance of isocitrate, the reduction of DPN or TPN, and the appearance of 
a-ketoglutarate were in stoichiometric agreement (Table III). The forma- 
tion of DPNH, and TPNH: was verified by reoxidation with pyruvate 


% 
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and purified lactic dehydrogenase. ‘The products of the DPN and TPN 
systems were converted to 2,4-dinitrophenylhydrazones with absorption 
spectra identical to that of an authentic sample of the 2 ,4-dinitrophenyl- 
hydrazone of a-ketoglutarate. Since the manipulations in forming the 
hydrazones might have converted a closely related compound into a-keto- 
glutarate, it was of interest to study the reactivity of the isocitric dehy- 
drogenase products upon the addition of 4 y of a partially purified glutamic 


AA 
| GLUTAMIC 
800 LO” XS DEHYDROGENASE _ 
B =0.05 CC 
-300 
DPN SYSTEM|\ 
.200 
SYSTEM 
100 
) 10 20 30 40 50 
MINUTES 


Fic. 4. Action of glutamic dehydrogenase on the products of the DPN and TPN 
isocitric dehydrogenase reactions. The incubation mixtures contained 0.50 cc. of 
glycylglycine buffer (0.25 m, pH 7.4), 0.10 cc. of magnesium chloride (0.1 m), 0.10 ce. 
of d-isocitrate (0.0025 m), 0.05 cc. of ammonium sulfate (0.6 mM), and water to a volume 
of 3.0 cc. Also included in Experiment 1 were 1 um of DPN, 1 um of adenosine-5- 
phosphate, and 0.30 ec. of DPN isocitric dehydrogenase (Cy eluate); in Experiment 
2, 0.87 um of TPN and 0.05 ec. of TPN isocitrie dehydrogenase (ethanol fraction). 
Additions, 0.005 cc. of the glutamic dehydrogenase preparation at arrow A and 0.05 
ec. at arrow B. Experiments 3 and 4 describe the action of glutamic dehydrogenase 
on authentic a-ketoglutarate. The incubation mixtures contained magnesium 
chloride, glycylglycine buffer, and ammonium sulfate as above, and 0.25 um of a-keto- 
glutarate. Included in Experiment 3 was 0.21 um of TPNH: generated by the 
action of 0.20 um of glucose-6-phosphate, 0.43 um of TPN, and 0.5 mg. of Zwischen- 
ferment. Included in Experiment 4 was 0.21 um of DPNHa2. 


dehydrogenase preparation from liver. As shown in Fig. 4, the rates of 
reaction of the products of the DPN and TPN systems are identical and 
comparable with those of a sample of known a-ketoglutarate. 
Decarboxylation of Oxalosuccinate—As with preparations of TPN iso- 
citric dehydrogenase from pig heart, yeast TPN isocitric dehydrogenase 
catalyzed the decarboxylation of oxalosuccinate. Thus, with 0.04, 0.05, 
0.08, and 0.10 cc. of the ethanol fraction, respective optical density incre- 
ments of 0.021, 0.031, 0.046, and 0.051 were observed. However, with 
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similar amounts of DPN isocitric dehydrogenase (Ammonium Sulfate B) 
and 0.1 um of adenosine-5-phosphate no increase in density was detected. 

Reversibility of Reactions—The reduction of oxalosuccinate and the re- 
ductive carboxylation of a-ketoglutarate by yeast TPN isocitric dehydro- 
genase were observed spectrophotometrically (Fig. 5) and are duplications 
of Ochoa’s demonstrations with pig heart isocitric dehydrogenase. In con- 
trast, DPN isocitric dehydrogenase preparations were totally inert. Ad- 


.800 


OPTICAL DENSITY 
b 
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A=a-KETOGLUTARATE + COs 
B= OXALOSUCCINATE 
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I'ic. 5. Reversibility of the reactions. The incubation mixtures contained 0.20 
ec. of phosphate buffer (0.5 m, pH 7.0), 0.03 cc. of magnesium chloride (0.1 m), 0.10 
ec. of dl-isocitrate (0.005 m), and water to a volume of 3.0 cc. Also included in Ex- 
periments 1 and 2 were 0.04 cc. of DPN (0.05 m), 0.04 cc. of adenosine-5-phosphate 
(0.025 m), and 0.50 ce. of DPN isocitric dehydrogenase (Cy eluate). In Experi- 
ments 3 and 4 were included 0.20 cc. of TPN (0.001 m) and 0.30 cc. of TPN isocitric 
dehydrogenase (heated Ammonium Sulfate I). Additions, 0.20 cc. of 0.1 m sodium 
bicarbonate (saturated with CO) and 0.20 cc. of a-ketoglutarate (0.07 M) at arrow A, 
0.05 ec. of oxalosuccinate (0.02 mM) at arrow B, 0.10 cc. of ATP (0.05 mM) at arrow C, 
and 0.10 cc. of dl-isocitrate (0.005 m) at arrow D. The values are corrected for the 
dilution effect and the optical density of these additions. 


ditions of ADP, ATP, and boiled yeast juice were ineffective. Addition 
of isocitrate at the end of the experiment resulted in the expected rate of 
DPN reduction, indicating that the enzyme had not been inactivated 
during the experiment. 

Activation by Mgt*+ and Mn+*+—The requirement of both the DPN and 
TPN isocitric dehydrogenases for metals is shown in Fig. 6. Mn** pro- 
duced a larger stimulation of the DPN enzyme than did Mg** but was 
inhibitory at high concentrations. 

Inhibitor, pH, and Other Effects—DPN isocitric dehydrogenase was more 


— TPN SYSTEM ——— 
| | | 
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affected by several inhibitory agents than was the TPN enzyme. The 
percentage inhibition of the two systems when tested under standard en- 
zyme assay conditions is shown in Table IV. 


125 ——DPN SYSTEM _las 7 

a ---TPN SYSTEM 
I 

100 === 4 20 

a 50 a 10 

WwW ++ 

a. a Mn 

| re) 

2 fe) 2.5 5.0 7.5 100 125 150 ~ 

M x104 


Fic. 6. Metal requirements of DPN and TPN isocitric dehydrogenases. The 
incubation mixtures contained 0.50 cc. of tris(hydroxymethyl)aminomethane buffer 
(0.2 m, pH 7.5), 0.05 cc. of d-isocitrate (0.015 m), and the chlorides of Mn** and Mg** 
as indicated. Also included in the DPN experiments were 0.05 cc. of DPN (0.02 m), 
0.05 cc. of adenosine-5-phosphate (0.02 m), and DPN isocitric dehydrogenase (0.05 
cc. of a 1:10 dilution of Ammonium Sulfate B). In the TPN experiments were 
included 0.20 cc. of TPN (0.001 m) and TPN isocitric dehydrogenase (0.08 cc. of a 
1:5 dilution of the ethanol fraction dialyzed for 3 hours against running distilled 
water). 


TaBLe IV 
Effect of Inhibitors 
DPN TPN 
per cent per cent 
Ammonium molybdate (0.005 Mm) 28 9 
(0.00025 m) reduced by H2S........... 45 
(0.0005 “) 79 | 13 


In other experiments more pronounced effects by H.S-treated molyb- 
date on the DPN enzyme were observed; 7.e., 63 per cent inhibition by 
1 X 10-* m and 86 per cent by 2 X 10-*m. The nature of these various 
inhibitory actions is unexplained. 

The pH optimum of the DPN enzyme was found to be approximately 
7.5, with a decrease in activity of about 40 per cent at pH 6.5 and 8.5. 
The rates obtained with phosphate and tris(hydroxymethyl)aminomethane 


= 150 30 


A. KORNBERG AND W. E. PRICER, JR. 135 


buffers at given pH values were in agreement. While there is no evidence 
for a requirement of phosphate by this enzyme (Ammonium Sulfate B 
fraction), faint traces of orthophosphate were still present in the nucleo- 
tide additions. 


DISCUSSION 


The mechanism of the conversion of isocitrate to a-ketoglutarate by 
the DPN isocitric dehydrogenase of yeast differs from that of the TPN 
isocitric dehydrogenases of yeast and animal tissues in several respects. 
Oxalosuccinate is neither decarboxylated nor reduced by the DPN enzyme 
and therefore does not appear to be an intermediate, as in the case of the 
TPN systems. a-Ketoglutarate, although established as the product of 
isocitrate oxidation by the DPN system, is not reduced by this system 
under conditions favorable for its reduction by the TPN enzymes. Fi- 
nally, the specific requirement for adenosine-5-phosphate by the DPN 
system suggests its participation in the reaction. A satisfactory scheme 
for the mechanism of the DPN isocitric dehydrogenase reaction is as yet 
unavailable. 

The occurrence of two different mechanisms for isocitrate oxidation in 
yeast raises the important question whether in animal tissues the well 
described TPN system is the sole pathway. In extracts of tissue acetone 
powders, there is no indication of an enzyme comparable with the DPN- 
linked system of yeast. However, it is possible that such an enzyme may 
be bound in tissue particles and is not extractable in active form from 
acetone powders. The well known requirement of adenosine-5-phosphate 
or related compounds in the catalysis of aerobic oxidations and phosphory]- 
ations by tissue particles bears a suggestive resemblance to the adenosine- 
5-phosphate activation of the DPN isocitric dehydrogenase. 


SUMMARY 


1. Two distinct systems catalyzing the oxidative decarboxylation of 
d-isocitrate to a-ketoglutarate have been partially purified from bakers’ 
and brewers’ yeasts. 

2. One enzyme system is triphosphopyridine nucleotide-specific, cata- 
lyzes the decarboxylation of oxalosuccinate, the reductive carboxylation 
of a-ketoglutarate, and the reduction of oxalosuccinate, and thus resembles 
the system described by Ochoa in animal tissues. 

3. The other enzyme system is diphosphopyridine nucleotide-specific, 
fails to catalyze the reductive carboxylation of a-ketoglutarate, and does 
not appear to have oxalosuccinate as an intermediate. As a further dis- 
tinction from the TPN isocitric dehydrogenase, there is a specific and 
absolute requirement for adenosine-5-phosphate. 
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4. The activation by adenosine-5-phosphate is catalytic in nature; the 


dissociation constant of the nucleotide-enzyme complex is approximately 
9 X M. 


5. The activation by Mg** and Mn?**, the inhibition by several agents, 


and the dissociation constants of the enzyme-substrate complexes have 


been studied. 
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THE ENZYMATIC CONVERSION OF HOMOGENTISIC ACID TO 
4-FUMARYLACETOACETIC ACID* 
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Although the probability that homogentisic acid is an intermediate in 
the conversion of phenylalanine and tyrosine to acetoacetate is indicated 
by many experiments with humans (1-5), animals (6-9), and tissue prep- 
arations (10-13), no direct evidence has been reported concerning the 
mechanism of its oxidation. However, the formation of 8-ketoadipic acid 
from phenol in the presence of cholera Vibrio, reported by Kilby (14), 
and the demonstration by Stanier ef al. (15) that this acid is formed when 
either catechol or protocatechuic acid is oxidized by Pseudomonas fluor- 
escens suggest the possible conversion of homogentisic acid to a long chain 
8-keto acid by oxidative cleavage of the aromatic ring at one point. The 
demonstration by Lerner (16) that phenylalanine is converted to malic 
and acetoacetic acids in the mammalian liver led him to postulate the 
conversion of homogentisic acid to an 8-carbon dicarboxylic acid. 

Our preliminary experiments on the oxidation of homogentisic acid by 
rat liver homogenates showed the entire activity to be located in the clear 
supernatant fluid obtained by centrifuging the homogenate at approxi- 
mately 140,000 = g for 45 minutes at 0°. Oxygen consumption, homo- 
gentisate disappearance, and acetoacetate formation were essentially mole 
for mole; negligible quantities of carbon dioxide were evolved. 

When previously dialyzed against distilled water, this system, upon in- 
cubation with homogentisic acid, gave rise to a 6-keto acid which de- 
carboxylated much more slowly than acetoacetic acid in the presence of 
aniline citrate. As the rate of decarboxylation of 8-keto acids in the pres- 
ence of aniline citrate varies inversely with the length of the carbon chain 
(17), it appeared that a 6-keto acid of longer chain length than acetoacetic 
acid had been formed in this dialyzed system. The biological activity of 
the long chain 6-keto acid was indicated by its conversion, when incubated 
with an undialyzed preparation, to a 6-keto acid which, on decarboxyla- 


* Aided by a grant from the American Cancer Society administered by the Com- 
mittee on Growth of the National Research Council. A preliminary report of this 
work has appeared (Federation Proc., 9, 218 (1950)). 

+ Damon Runyon Fellow in Clinical Research. 

¢ Present address, Department of Biological Chemistry, College of Medicine, 
University of Cincinnati, Cincinnati. 
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tion, behaved like acetoacetic acid. Furthermore the latter reaction was 
presumed to be hydrolytic, since it proceeded without manometric change. 
Protein-free filtrates prepared after incubation of mixtures of homogenti- 
sate and the dialyzed system gave a color reaction with o-phenylenedia- 
mine according to a modification of the procedure of Witter, Snyder, and 
Stotz (18) for the determination of acetylacetone and related diketoneé. 
The slowly decarboxylating 8-keto acid thus appeared to be a 3,5-dike- 
tone homologue of triacetic acid, which has been shown by Connors and 
Stotz to be hydrolyzed by a water-soluble rat liver enzyme, partially in- 
activated by dialysis (19). 

We found it possible, by alcohol fractionation at 0°, to separate the 
oxidative enzyme responsible for the conversion of homogentisic acid to 
the 3,5-diketo acid from this hydrolytic enzyme which converted it into 
acetoacetic acid and another fragment. This made it possible to prepare 
the 3,5-diketo acid in a relatively pure state by incubating homogentisic 
acid with the crude oxidative enzyme. The 3,5-diketo acid was isolated, 
purified, and identified as 4-fumarylacetoacetic acid. 


EXPERIMENTAL 


Homogentisic Acid—Some of the homogentisic acid used was isolated 
from the urine of an alcaptonuric subject.' In later experiments, the acid 
was synthesized? by the method of Abbott and Smith (20), and repeatedly 
recrystallized from ethyl acetate and benzene. This product melted 
sharply at 148° (corrected). Prior to enzymatic incubation the homo- 
gentisic acid was dissolved in water, and the solution was chilled and neu- 
tralized with 90 per cent of the theoretical amount of sodium bicarbonate. 

Analytical Methods—Homogentisic acid was determined by the method 
of Briggs, as modified by Neuberger (21). Acetoacetic acid was deter- 
mined by the method of Edson (22). The kinetics of the decarboxyla- 
tion were followed by readings at 3 minute intervals. 

Diketone concentration was determined by a slight modification of the 
method of Witter, Snyder, and Stotz (18) for acetylacetone and related 
diketones: Aliquots of protein-free filtrates, prepared according to the 
original method and containing from 1 to 15 um of fumarylacetoacetic acid, 
were made to a volume of 2.00 ml. in Klett tubes and treated with 6.00 
ml. of the original o-phenylenediamine reagent. The color (distinctly 
lavender) was read against a reagent blank in a Klett-Summerson photo- 
electric colorimeter with a No. 500 to 570 green filter at 4 minute intervals 
to amaximum; at room temperature maximal color development required 

1 We are highly indebted to Dr. Grace Medes for a generous gift of this sample. 


* Hydroquinone dimethyl] ether, the starting material for this synthesis, was ol)- 
tained through the courtesy of the Tennessee Eastman Company. 
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20 to 25 minutes, following which the lavender color slowly turned orange. 
The values for pure fumarylacetoacetate were shown to be linear within 
the range employed; a Klett reading of 100 corresponded to 3.1 um.? 
Since the effect of previous decarboxylation increased the rate of develop- 
ment but not the character or intensity of the color, the degree of decar- 
boxylation could be estimated by comparing this diketone value with the 
8-keto acid content. 

Fumaric acid was determined by an adaptation of the method of Mar- 
shall, Orten, and Smith (23) to biological fluids. It was found that de- 
proteinization with 0.2 volume of 15 per cent HPO;, continuous ether 
extraction of the protein-free filtrate, and evaporation of the ethereal 
extract provided a residue suitable for analysis by this method. Analytical 
recoveries of 85 + 5 per cent of known amounts of fumaric acid, which 
had been added to solutions of triacetic acid-hydrolase similar to those 
described in Table II, were obtained within the narrow but adequate range 
of 7.0 to 8.6 um per 2 ml. of enzyme solution. 

Preparation of Enzymes—100 gm. of ice-cold rat liver were minced with 
scissors and ground in a chilled Waring blendor with 2 volumes of an ice- 
cold buffer solution described by Lehninger (24). The blendor was op- 
erated and cooled intermittently to maintain the temperature at less than 
5°. The resulting homogenate was centrifuged at 0° in the large angle 
head of an International centrifuge for 1 hour and the supernatant de- 
canted and centrifuged in a high speed angle head at approximately 
16,000 * g to produce a water-clear supernatant containing the oxidase 
activity. 

This supernatant was in some instances dialyzed in collodion tubes for 
18 hours at 3° against 100 volumes of distilled water with frequent changes. 
Centrifugation of the ensuing suspension demonstrated that the homo- 
gentisic acid oxidase remained with the soluble proteins. 

Alternatively, the original water-clear supernatant was used for alcohol 
fractionation. The enzyme system responsible for the oxidation of homo- 
gentisic acid to 4-fumarylacetoacetic acid was prepared by the dropwise 
addition, with rapid stirring, of 3 ml. of ice-cold absolute ethanol to 7 ml. 
portions of the ice-cold liver supernatant in 12 ml. conical centrifuge tubes. 
After standing in an ice bath for 1 hour, the tubes were centrifuged at 
3000 r.p.m. in the angle head of an International refrigerated centrifuge 
for 1 hour at 0°. The supernatant was decanted and saved for the prep- 
aration of a crude fraction containing the triacetic acid-hydrolyzing en- 
zyme of Connors and Stotz (19). The precipitates were suspended in 3 

It was subsequently found that the procedure described above does not give a 


maximal amount of color. A 30 per cent increase in color is obtained by doubling 
the concentration of o-phenylenediamine in the reagent. 
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ml. of ice-cold distilled water, combined, and homogenized by hand at 
0° in a Potter-Elvehjem homogenizer. 1 ml. of such a preparation, when 
incubated at 38° with 0.6 ml. of 0.13 m potassium phosphate buffer (pH 
7.4) and 0.40 ml. of 0.064 m sodium homogentisate in the presence of 100 
per cent oxygen, consumed oxygen at a rate of 35 to 40 c.mm. per minute. 
The activity of this preparation was not altered by standing in an ice 
bath for 24 hours, or by removal of the suspended matter by centrifugation. 

This preparation was contaminated with variable traces of the fumaryl- 
acetoacetate-hydrolyzing enzyme, the activity of which was measured by 
determining the diketone value on an aliquot of the digest withdrawn 
immediately after the completion of oxygen uptake, and that of a second 
aliquot after incubation for an additional hour. When the loss of dike- 
tone exceeded 25 per cent per hour, the preparation was cleared of sus- 
pended matter by centrifugation and the homogentisic acid oxidase was 
reprecipitated with alcohol. 5 ml. aliquots were treated at 0° with 2.14 
ml. of ice-cold absolute ethanol for 1 hour and the precipitates centrifuged 
and resuspended under the same conditions as in the first fractionation. 
The oxidase activity of these solutions compared favorably with the activ- 
ity of the solutions of the original precipitates (described above) but the 
solutions tended to be somewhat less stable and therefore, of necessity, 
were used within a few hours. They were virtually free of hydrolase 
activity. 

The almost quantitative conversion of homogentisic acid by this crude 
enzyme preparation into the 3 ,5-diketo acid is shown by the data in Table 
I. The extent of autoxidation of the substrate was estimated at the pH 
and oxygen tension employed in the enzymatic incubation with the data 
from Vessel 2. In this vessel one-half the concentration of sodium homo- 
gentisate used in Vessel 1 was used to approximate the average concentra- 
tion present during the enzymatic incubation. When this correction for 
autoxidation is applied, it may be seen that the enzymatic disappearance 
of homogentisic acid was accompanied by the formation of approximately 
an equivalent amount of a 8-keto acid which was also a §-diketone. 

Preparations of crude fumarylacetoacetate hydrolyase were made from 
the 30 per cent alcohol supernatants by increasing the alcohol concentra- 
tion to 50 per cent (volume per volume) in the cold, removing the precipi- 
tate by centrifugation, and adding alcohol to the supernatant to a final 
concentration of 70 per cent (volume per volume) as previously described 
in the preparation of triacetic acid hydrolase (19). Further purification 
of this fraction by the procedure of Connors and Stotz (19) for the prepa- 
ration of a highly purified triacetic acid hydrolase yielded a potent fumary] 
acetoacetic acid hydrolase. 

Isolation of Crude Disilver Fumarylacetoacetate—10 ml. of the resus- 
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pended 30 per cent alcohol precipitate, 5 ml. of 0.08 m NaHCOs, and 5 ml. 
of 0.064 m sodium homogentisate were placed in each of a number of 150 
ml. Warburg vessels. The vessels were flushed for 6 minutes with 5 per 
cent CO2-95 per cent O2 and incubated at 38° with shaking for 40 minutes, 
during which time they were equilibrated continuously with 5 per cent 
CO2-95 per cent O2 to minimize pH changes. The contents of the vessels 
were then chilled and treated with 0.14 volume of ice-cold 50 per cent 


TABLE I 
Oxidation of Homogentisic Acid by Protein Fraction Precipitated from Particulate- 
Free Supernatant of Rat Liver Homogenate by 30 Per Cent Ethanol at 0° 


Incubation temperature, 38°; gas phase, 100 per cent oxygen; incubation time, 
17 minutes. 


Contents of Warburg vessels Vessel 1 | Vessel 2 
mil. | mil. 
Main compartment | 
Resuspended protein (in water)....................... 1.80 | 
0.13 m K phosphate buffer, pH 7.4..................... 0.60 | 0.60 
Side arm | 
0.064 Na 0.40 | 0.20 
uM 
2.2 


| 
| | 

* Computed from pressure changes in the presence and absence of KOH. 

+t Determined as acetoacetate by the aniline citrate method after enzymatic 
hydrolysis by a crude preparation of the triacetic acid-hydrolyzing enzyme of 
Connors and Stotz (19). 

t Determined by a modification of the method of Witter, Snyder, and Stotz (18). 
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trichloroacetic acid. After standing in an ice bath for 30 minutes, the 
flocculent suspension was centrifuged, the supernatant treated with 0.11 
volume of 20 per cent AgNQOs, and recentrifuged after flocculation of a 
slight precipitate of silver proteinate. Ice-cold 4 m NH,OH was added 
dropwise to the chilled supernatant with rapid stirring. A heavy yellow 
precipitate formed as the pH rose to 5.5, above which no further precipi- 
tation occurred. After standing 1 hour in an ice bath, the precipitate 
was removed by centrifugation and washed three times with 95 per cent 
alcohol to remove AgNOs, once with absolute alcohol, and once with ether 
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by resuspension and centrifugation. It was then stored in the dark in a 
vacuum desiccator over P20; at room temperature. The crude silver salt 
is stable under these conditions and is contaminated with approximately 
10 per cent of silver proteinate. 

Preparation and Purification of Fumarylacetoacetic Acid—400 mg. of the 
silver salt were suspended in 40 ml. of distilled water, chilled, and treated 
with 30 ml. of 0.2 n HNO;, added slowly with stirring. An insoluble 
black residue was removed by centrifugation, and 1 ml. of saturated NaCl 
was added to the clear supernatant. After removal of the silver chloride 
the solution was extracted continuously with peroxide-free ether for 1 
hour. Comparison of the acetoacetate produced by enzymatic hydrolysis 
and the diketone values per mg. of air-dried compound obtained from the 
ethereal extract indicated that by this stage decarboxylation had occurred 
to an extent of about 20 per cent. Purification was accomplished by dis- 
solving the dry solid in a minimal volume of a solution of 15 per cent eth- 
anol in ether (volume per volume) and slowly precipitating at —10 to 
— 12° with petroleum ether. The yellow precipitate was dried over P.O, 
at atmospheric pressure for several days and was shown by analysis to 
consist of at least 95 per cent fumarylacetoacetic acid. One or two re- 
precipitations usually resulted in preparations of maximal purity according 
to the methods of analysis used; m.p. 157—159° (corrected). When stored 
over P.O; at 3°, the substance appeared to be stable for at least 1 month. 
At room temperature slow deterioration both by decarboxylation and 
loss of the diketone configuration occurred. 

Analyses of the silver salt prepared from the purified acid were found 
to be in agreement with theoretical values for disilver fumarylacetoacetate. 


Found. Ag 52.11, C 23.15, H 1.48 
Calculated. “ 52.14, ‘ 23.22, “ 1.46 


The silver content of this salt was determined on 10 mg. samples by a 
modification of the blood chloride method of Wilson and Ball (25). 

Enzymatic Hydrolysis of 3,5-Diketo Acid into Fumaric and Acetoacetic 
Acids—60 mg. of this acid were neutralized and incubated with the crude 
preparation of triacetic acid-hydrolase (described above), which had been 
found in preliminary experiments to be free of fumarase activity. A solid 
acid was isolated by continuous ether extraction of the deproteinized in- 
cubation mixture, which upon several recrystallizations from water was 
identified as fumaric acid, m.p. 284-288° (corrected). Upon admixture 
with an authentic sample of fumaric acid, a melting point of 286-—289° 
(corrected) was observed. ‘The p-nitrobenzylisothiuronium salt prepared 
from this isolated acid had a melting point of 162° (corrected). Upon 
admixture with an authentic sample of p-nitrobenzylisothiuronium fuma- 
rate, a melting point of 162° (corrected) was obtained. 


Ss a 
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The formation of essentially equimolar quantities of fumaric and aceto- 
acetic acids from the enzymatic hydrolysis of the 3 ,5-diketo acid is shown 
by the analytical data in Table II. Theoretical recoveries calculated on 
the assumption that the original compound was fumarylacetoacetic acid 
show that fumaric and acetoacetic acids were obtained in excellent yield. 

Properties of 3,5-Diketo Acid—Direct evidence for the dicarboxylic na- 
ture of the acid was obtained by titration with alkali with use of a glass 
electrode (Fig. 1). 2 equivalents of alkali were required to neutralize 1 
mole of the 8-keto acid (as determined by aniline citrate decarboxylation), 
indicating the presence of two carboxyl groups. The ionization constants 
of these carboxyl groups did not differ widely; their pK values appeared 


TABLE II 
Acetoacetic and Fumaric Acids Formed by Enzymatic Hydrolysis of 8,6-Diketo Acid 


The hydrolysates were prepared by incubating a mixture of 1.00 ml. of a solution 
of neutralized diketo acid and 1.00 ml. of a resuspension of the crude hydrolytic en- 
zyme in 0.13 M potassium phosphate buffer (pH 7.4) for 1 hour at 38°. 


Experiment No. | 3:5-Diketoacid = Acetoacetic acid* found = Fumaric acidt found 
| még. uM per cent} uM | per cent} 

1 «1.58 95 6.89 87 

2 96 7.75 98 

3 | 1.65 | 7.82 97 7.57 96 

oe! 93 6.94 90 


* Determined by the aniline citrate method (22). The rate of decarboxylation 
observed in these analyses indicated that the 8-keto acid being determined was 
acetoacetic. In the presence of aniline citrate at 38° the monomolecular velocity 
constant for the decarboxylation of acetoacetic acid is 10 times as large as that of 
fumarylacetoacetic acid. 

+t Determined by an adaptation of the method of Marshall, Orten, and Smith (23). 

t Calculated on the assumption that the original compound had a molecular 
weight of 200 (theoretical for fumarylacetoacetic acid). 


to be in the vicinity of 3.6 (acetoacetic acid and the first ionizable hydro- 
gen of fumaric acid have pK 3.7 and 3.0, respectively (26)). Further 
titration to pH 10.5 revealed the presence of two additional ionizable groups 
with pK at 8.4 and approximately 10.5 (presumably representing the enolic 
forms of the carbonyl groups at positions 3 and 5). 

The ultraviolet absorption spectrum of the compound (Fig. 2), although 
essentially similar to spectra reported for triacetic acid by Meister (27), 
shows two major differences from the latter: (a) the region of maximal 
absorption occurs at somewhat higher wave-lengths, and (b) the intensity 
of absorption is independent of pH, whereas the characteristic absorption 
of triacetic acid and other 8-diketones is enhanced by alkali and suppressed 
by acid (27, 28). The striking pH stability of this spectrum appeared to 
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be a reasonable property for a compound with the structure of fumary]l- 
acetoacetic acid on theoretical grounds, since the fumaryl double bond 
forms a conjugated system with either the keto or the enol form of the 
5-carbonyl group. Therefore, an attempt was made to determine the 
effect upon the absorption spectrum of saturating this suspected double 
bond with hydrogen. 


> 


Oo 
‘ 


° 


EQUIVALENTS OF NaOH PER MOLE OF BETA-KETO~AcID 


i. A 


20. 40 60 8.0 10.0 
pH 
Fic. 1. Titration of 5.05 mg. of 3,5-diketo acid (dissolved in 5 ml. of CO,-free 
water) with 0.00989 m NaOH. 


Hydrogenation of the compound at 38° in the presence of appreciable 
amounts of palladium on charcoal and 1 atmosphere of hydrogen proceeded 
rapidly. It was possible by using only traces of catalyst to control the 
hydrogenation so that it could be interrupted after the uptake of 1 mole 
per mole. The reduction was carried out in Warburg manometer vessels. 
2.00 ml. of an aqueous solution of fumarylacetoacetic acid (containing 
3.00 mg.) and 0.5 ml. of 1.25 n H»SO, were added to the main compart- 
ments, and the side arms contained a trace of 5 per cent palladium on 
charcoal‘ suspended in 0.5 ml. of water. Prior to incubation the vessels 


‘ We are indebted to Dr. E. C. Horning for a sample of this catalyst. 
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were flushed with hydrogen for 2 minutes and simultaneously shaken. 
Air was removed from the inner manometer column by raising the manom- 
eter fluid to the intersection several times during the flushing process. 
The back stoppers of the vessels were then installed in the open position 
and flushing with hydrogen was continued for 15 minutes at 38° with 
shaking. The system was then closed and tested for equilibration by 
comparison with a thermobarometer which had been prepared similarly 
to the other vessels except for the omission of fumarylacetoacetic acid. 
The contents of the side arms were then tipped into the main compartments 


E 


24,000r pH 
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Fic. 2. Ultraviolet absorption spectrum of fumarylacetoacetic acid (4.65 xX 
10-§ m) in 0.1 Nn HCl (pH 1) and in 0.1 Nn NaOH (pH 13). Beckman spectrophotome- 
ter; 1 em. cells. Solid line, fumarylacetoacetic acid; broken line, triacetic acid 
(Meister). | 


and the incubation run until 1 mole of hydrogen per mole of the added 
fumarylacetoacetic acid had been taken up. The contents were then im- 
mediately and quantitatively transferred to volumetric flasks and, after 
appropriate dilution, used for spectrophotometric measurement in | cm. 
Beckman cells. The extinction coefficients of the hydrogenation product 
were estimated by calculations based on the amount of fumarylacetoacetic 
acid originally added to the manometer vessels. Evidence for the pres- 
ence of the intact diketone configuration following the addition of 1 mole 
of hydrogen was provided by the ultraviolet absorption spectrum of solu- 
tions of the hydrogenation product, presumably succinylacetoacetic acid 
(Fig. 3), which was almost identical with that of triacetie acid in both acid 
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and alkaline solutions, and also by the development of a red color almost 
identical with that obtained from a comparable amount of acetylacetone 
in the presence of the concentration of o-phenylenediamine used in the 
method of Witter, Snyder, and Stotz (18) for the determination of acetyl- 
acetone and related diketones. (It should be noted that fumarylaceto- 
acetate develops a lavender color with o-phenylenediamine but only in 
the presence of a higher concentration than is used in the determination 
of acetylacetone (see ‘Analytical methods”’).) 

These observations indicate the presence of an aliphatic double bond 
in conjugation with the 3,5-diketone group in the original compound. 


pH 13 


24,006 
20,000 
16,000 
12,000 


8,000 


MILLIMICRONS 


Fia. 3. Ultraviolet absorption spectrum of succinylacetoacetic acid (5 K 10-5 m) 
in 0.1 n HCl (pH 1) and in 0.1 Nn NaOH (pH 13). Beckman spectrophotometer; 1 
em. cells. Solid line, succinylacetoacetic acid; broken line, triacetic acid (Meister). 


DISCUSSION 


It has been shown that a single long chain intermediate, as postulated 
by Lerner (16), is formed by the oxidative cleavage of the aromatic ring 
of homogentisic acid in the presence of an enzyme obtained from rat liver. 
The demonstration that fumaric and acetoacetic acids are formed in good 
yield by enzymatic hydrolysis of this isolated intermediate strongly indi- 
cates that it is identical with fumarylacetoacetic acid. The demonstrated 
chemical properties of this compound, namely, that it is a dicarboxylic 
acid with a molecular weight of 200 (according to titration with alkali and 
the percentage of silver in the purified disilver salt), that it is both a B-keto 
acid and a #-diketone, and that it possesses an aliphatic double bond in 
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conjugation with the diketone group, are in precise agreement with this 
structure, as are the analytical values for carbon and hydrogen. Taken 
together this evidence limits the possible structures for this compound to 
one of two isomers: 2-fumarylacetoacetic acid (branched chain) and 4- 
fumarylacetoacetic acid (straight chain). The branched chain alternative 
is considered highly unlikely, since its structure contains an asymmetric 
carbon atom at position 2, whereas the isolated compound appears to be 
optically inactive. Furthermore, the formation of this compound from 
homogentisic acid appears to be structurally impossible. Consequently, 
we are proposing 4-fumarylacetoacetic acid for the structure of this inter- 
mediate and the accompanying scheme for homogentisic acid oxidation 
in liver tissue (Fig. 4). 

As shown in Fig. 4, oxidative cleavage of the aromatic ring must have 
occurred between carbons 1 and 2. It is interesting that the arrangement 


OH 


CHpCOOH 
— > HOOC-CH=CH-C-CH>-C-CH,COOH 


HOOC-CH=CH-COOH CH,C-CH,COOH 


Fic. 4. Scheme for the oxidation of homogentisic acid in liver tissue 


of the groups around the aliphatic double bond in 4-fumarylacetoacetate 
is trans, although the original configuration around these carbon atoms in 
the benzene nucleus is of necessity cis. It is also of interest that this oxi- 
dation proceeds rapidly in particulate-free liver extracts and in the presence 
of proteins precipitated from this soluble liver fraction. Under these con- 
ditions the oxidation of homogentisic acid therefore appears to be inde- 
pendent of the cytochrome system. The oxidative enzyme requires high 
oxygen tension for maximal activity (a 4-fold increase in activity was 
observed when oxygen was substituted for air in the system) and is in- 
hibited by 0.003 m cyanide. 

The recovery by Lerner (16) of isotopically labeled malic and aceto- 
acetic acids from rat liver slices incubated with phenylalanine labeled 
uniformly in the ring with C" is in agreement with our work in that the 
labeled fumaric acid formed would be converted to malic acid by the fuma- 


5 A 2.7 per cent solution of fumarylacetoacetic acid in ethanol was highly colored 
and could not be read accurately in the polarimeter. In a 2 dm. tube an average 
reading of +0.05° + 0.24° was observed. 
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rase known to be present. Our observation that fumaric acid arises in a 
fumarase-free system from the breakdown of homogentisic acid therefore 
provides indirect evidence that the latter is an intermediate in the oxida- 
tion of phenylalanine. Schepartz and Gurin (13) have demonstrated that 
methyl-C'*-labeled acetoacetate is formed when 1,3,5-labeled phenylala- 
nine is incubated with liver slices. This indicates that a shift of the side 
chain occurs prior to the formation of acetoacetate, which is necessary 
for the participation of homogentisic acid in this pathway. 

Although a number of synthetic diketo acids have been shown to undergo 
enzymatic hydrolysis in liver homogenates (7.e. triacetic acid (27, 29, 30) 
and a series of 2,4-diketo acids (28)), 4-fumarylacetoacetate is unique 
in that it has been shown to arise biologically. Our observation that the 
highly purified triacetic acid-splitting enzyme of Connors and Stotz (19) 
readily hydrolyzes 4-fumarylacetoacetate strongly suggests that the same 
enzyme catalyzes the hydrolysis of both compounds. Presumably this 
same enzyme catalyzes the hydrolysis of all of the diketonic acids men- 
tioned above and therefore appears to be generally specific for both mono- 
and dicarboxylic acids which bear either a 2,4- or a 3,5-diketone group. 
It seems highly probable that 4-fumarylacetoacetate is the true biological 
substrate for this enzyme. 

Further attempts to purify the oxidative enzyme have been undertaken 
in the hope of obtaining more detailed knowledge of the oxidative cleavage 
of the aromatic ring of homogentisic acid. 


SUMMARY 


The oxidation of homogentisic acid to acetoacetate has been demon- 
strated in a water-soluble enzyme system prepared by high speed centrif- 
ugation of homogenized rat liver. This oxidation is apparently independ- 
ent of the cytochrome system under these conditions. 

The enzyme system was separated by alcohol fractionation into an 
oxidative component which converts homogentisic acid into a 3,5-diketo- 
dicarboxylic acid, and a hydrolytic component which splits this diketonic 
acid into fumaric and acetoacetic acids. 

The 3,5-diketodicarboxylic acid has been isolated and identified as 4- 
fumarylacetoacetic acid. 

It is concluded that homogentisic acid upon incubation with liver tissue 
is oxidatively cleaved between carbons 1 and 2 to yield 4-fumarylaceto- 
acetic acid, which is subsequently hydrolyzed to fumaric and acetoacetic 
acids. 


We wish to express our gratitude to Dr. Samuel Gurin for his encourage- 
ment and advice and to acknowledge the invaluable assistance of Miss 
Isabelle J. Shaw. 
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THE ASSIMILATION OF NUCLEIC ACID DERIVATIVES 
AND RELATED COMPOUNDS BY YEASTS* 


By FREDERICK J. D1 CARLO, ALFRED 8S. SCHULTZ, ano DORIS K. 
McMANUS 


(From The Fleischmann Laboratories, Standard Brands, Inc., New York, New York) 
(Received for publication, September 29, 1950) 


Numerous microorganisms have been found to require preformed nucleic 
acid derivatives for maximal growth (1). To our knowledge, however, 
there has been no thorough and systematic report on the utilization of 
these compounds for growth by any microorganism capable of synthesizing 
them de novo. Since there is no evidence that most forms of plant and 
animal life require supplementation with nucleic acid building blocks, it 
was considered of interest to study their assimilation by microorganisms 
of this group. 

Two strains of yeast were employed for this purpose. Each was ca- 
pable of synthesizing proteins, nucleic acids, and other nitrogen-contain- 
ing cell constituents from ammonia as the sole source of nitrogen (2, 3). 
These yeasts differed, however, in ability to assimilate nitrogen furnished 
exclusively in the form of individual amino acids. Saccharomyces cerevisiae 
Hansen (commercial bakers’ yeast requiring pantothenic acid and biotin 
as growth factors (4)) was incapable of growth on cystine, histidine, glycine, 
lysine, or threonine (2), although glycine was used for the extensive and 
sustained biosynthesis of nucleic acid (3, 5). Torula utilis (Northern Re- 
gional Research Laboratory) grew on all amino acids except cystine and 
histidine (2). 

Thorne (6) reported that uric acid was utilized for growth by an English 
type of bre\vers’ yeast, but not by a Frohberg yeast. Nielsen’s culture 
of S. cerevisiae was capable of some growth on uric acid and on adenine, 
but was unable to assimilate guanine or xanthine (7). Using commercial 
bakers’ yeast and 7’. utilis, we have now extended this work to all of the 
bases, nucleosides, and nucleotides derived from ribonucleic acid. Des- 
oxyribonucleic acid, ribonucleic acid, and other related compounds were 
also investigated. 


EXPERIMENTAL 


The preparation of the yeast inocula and the method of measuring 
yeast growth were reported in detail by Schultz and Atkin (4). The basal 
medium employed was also described previously (2). 


* Presented before the Fermentation Division of the American Chemical Society 
at Chicago, September, 1950. 
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The yeasts were incubated at 30° with shaking, and the extent of growth 
was determined after 16, 24, 40, and 64 hours by reading the percentage 
of light absorption on a Lumetron 400 colorimeter equipped to handle 18 
mm. outside diameter test-tubes. The light intensity was reduced by a 
combination of a gray glass and wire screen filter. 


Growth data for each of the two yeasts were acquired by propagations | 


on 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mg. of nitrogen as ammonium sulfate. 
The heterocyclic compounds tested were supplied to the extent of 1.0 mg. 
of nitrogen in every case. Each compound was run (a) as the sole source 


of nitrogen, and (b) in combination with 0.1 mg. of nitrogen as ammonium — 


sulfate. The results were found closely reproducible. The data of Table 
I represent mean values on at least two runs (four results) and were based 
on the 40 hour readings. 


TABLE [| 
Absorption Values after Propagation of Yeasts on (NH4)2SO, As Sole Nitrogen Source 
Per cent absorption on 
Yeast period 
0.1 mg. N 0.2 mg. N | 0.4 mg. N/} 0.6 mg. N/|0.8 mg. N/ 1.0 mg. N 
hrs. 
S. cerevisiae 16 17 29 46 54 63 69 
24 22 39 59 71 78 81 
40 29 49 70 79 84 87 
64 36 58 77 83 87 88 
T. utilis 16 24 4] 59 69 75 78 
24 29 46 66 74 80 83 
40 33 52 70 78 83 86 
64 36 56 74 81 85 88 


Table I lists the absorption readings obtained after cultivating the two 
yeasts on various quantities of ammonium sulfate as the only source of 
nitrogen. These data were used to estimate the percentage of N utiliza- 
tion for Table II. 


RESULTS AND DISCUSSION 


T. utilis was found considerably more versatile and thorough than S. 
cerevisiae Hansen in the utilization of nucleic acid derivatives for growth. 
This generalization is in accord with the earlier findings on the utilization 
of amino acid nitrogen by these yeasts (2). 

Only adenine, guanine, cytosine, and allantoin were utilized for growth 
by S. cerevisiae. It was estimated that adenine, furnished as the sole 
source of nitrogen, was assimilated to the extent of 1 nitrogen atom. Sup- 
plementation of the basal medium with adenine and a small quantity of 
ammonium sulfate led to the utilization of a 2nd nitrogen atom from 
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TaB.e II 
Utilization of Nitrogen from Nucleic Acid Derivatives for Yeast Growth 
S. cerevisiae T. utilis 
atoms used | | 
per cent per cent 

5 7t Ot 97 5 
5 0 0 39 2 
Cytidyiie acid... 3 0 0 0 0 
2 0 0 93 2 
2 0 0 0 0 
Ribonucleic acid....................... 15 O§ 0 O§ 0 
Desoxyribonucleic acid||.............. 15 O§ 0 O§ 0 
4 0 0 100 4 
a 4 0 0 85 3-4 
2-Aminopyrimidine.................... 3 0 0 0 0 
Adenosine-5’-phosphate................ 5 0 0 0 0 
Adenosinediphosphate................. 5 0 0 0 
Adenosinetriphosphate................. 5 0 0 0 0 
2 0 0 0 0 
4 0 0 0 0 
4 100 4 100 4 
| 2 0 0 0 0 
Adenine thiomethylpentoside.......... 0 100 5 
2 0 0 | 0 0 
2 0 0 0 0 


* Each compound furnished to the extent of 1.0 mg. of nitrogen. 
t In the presence of 0.1 mg. of N, as in (NH,4)2SO,, 35 per cent of adenine N or 
nearly 2 N atoms were utilized. 

t In the presence of 0.1 mg. of N, as in (NH,4)2S0,, 25 per cent of guanine N or 1 
N atom was utilized. 

§ These results were verified by experiments employing quantities containing 5.0 
mg. of N. 

|| Dialyzed for 24 hours in Visking sausage casing. Without dialysis, the prepara- 
tion was utilized to the extent of about 10 per cent, indicating the presence of deg- 
radation products. 


adenine. This necessarily involved the rupture of at least one ring in the 
adenine molecule. Guanine was also assimilated more extensively in the 


x 
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presence of ammonium sulfate than in its absence, but the more complete 
utilization proceeded only to the extent of a single nitrogen atom, and no 
ring cleavage needs to be postulated. The utilization of nitrogen from 
cytosine was not augmented in the presence of ammonium sulfate. Only 
1 nitrogen atom from this pyrimidine was used for growth. It is possible 
that the free amino groups of guanine and cytosine were the only sources 
of nitrogen made available to S. cerevisiae by its enzymes. However, the 
possibility does exist that growth, equivalent to the utilization of a single 
nitrogen atom, might have resulted from the partial utilization of 2 or 
more nitrogen atoms arising from different positions in the compound un- 
der test. 

The authors favor the hypothesis that the primary amino groups of 
guanine and cytosine supported the growth of S. cerevisiae. (This opinion 
was expressed by Nielsen in connection with adenine (7).) It is substan- 
tiated by the complete inability of the yeast to utilize xanthine or uracil, 
the deamination products of guanine and cytosine, respectively. It is sug- 
gested that guanine was converted into xanthine by guanase and that the 
ammonia liberated was used for yeast growth. A similar conversion of 
cytosine into uracil would liberate ammonia for the extent of growth ob- 
served. The mechanism involved in adenine utilization was quite differ- 
ent. Adenase would have effected the hydrolysis of adenine to hypo- 
xanthine, a compound which was not assimilated even in the presence of 
ammonium sulfate, and thus rendered only a single nitrogen atom avail- 
able for growth. Since 2 nitrogen atoms were utilized from adenine, it 
must be concluded that (a) adenase was absent or not operative, and (b) 
adenine was degraded by some enzyme attacking one of the structures of 
the ureide type. 

The absence of uricase in S. cerevisiae Hansen was evident from the 
complete utilization of allantoin nitrogen and the lack of utilization of 
either xanthine or uric acid (see the accompanying diagram for the mech- 
anism of utilization of purines). 

T. utilis was able to rupture pyrimidine and imidazole rings. This was 
apparent from its extensive growth on all of the purine and pyrimidine 
bases occurring in ribonucleic acid. Thymine, one of the pyrimidines pres- 
ent in desoxyribonucleic acid, was not utilized as a source of nitrogen. 
Since thymine differs from uracil only by possessing a methyl group in 
the 5 position, the specificity of the uracil-attacking enzyme was demon- 
strated. This specificity also precluded utilization of the 4-methyluracil. 
The failure of pyrimidine nucleosides and nucleotides to serve as sources 
of nitrogen for 7. utilis indicated the absence of pyrimidine nucleotide 
deaminases and nucleoside deaminases (which would have made ammonia 
available for growth), and of pyrimidine nucleosidases (which would have 
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converted the nucleosides into free pyrimidines). The presence of cytidine 
deaminase in brewers’ yeast was reported recently (8). The absence of 
nucleotidases was not established, since these enzymes yield neither am- 
monia nor other utilizable nitrogenous products. In contrast, the purine 
nucleosides, in which ribose is linked to the 9 position, were assimilated 
easily. The purine nucleotides were also utilized, although less exten- 
sively. The experimental data showed that there was no nitrogen utiliza- 
tion from either desoxyribonucleic acid or ribonucleic acid. Xanthine was 
assimilated completely; xanthosine, its riboside, was utilized about as well 
as adenosine and guanosine. Hypoxanthine, uric acid, and allantoin were 


N==C-NH; NH, 
HC H.N-C C-——N CO CO-—NH 
oS \ 
| CH CH CO 
N—C—NH N—C—NH NH—CH—NH 

Adenine Guanine Allantoin 
£110 Aden O. + 

HN—CO HN—CO HN—CO 
ILC C—N OC C—N OC C-—NH 
CH > i CH — CO 
N—C—NH xanthine C—NH oxidase 
oxidase 

Hypoxanthine Xanthine Uric acid 


excellent nitrogen sources. Imidazole, hydantoin, alloxantin, and 2-ami- 
nopyrimidine, compounds not found in nature, did not support growth. 

Thus, more than 90 per cent of the nitrogen of each compound shown 
in the diagram was assimilated by T’. utilis. This suggests the presence 
in T. utilis of adenase, guanase, hypoxanthine oxidase, xanthine oxidase, 
and uricase. 

It is of interest to note the utilization of 1 nitrogen atom from yeast 
adenylic acid (adenosine-3’-phosphate) and the complete lack of nitrogen 
utilization from muscle adenylic acid (adenosine-5’-phosphate). The yeast 
adenylic acid used in this investigation was resolved by the chromatographic 
technique described by Carter (9) and found to consist of 11 per cent 
adenylic acid a and 89 per cent adenylic acid b. The other 5’-phospho- 


156 NUCLEIC ACID DERIVATIVES 


rylated adenosine derivatives, adenosinediphosphate and adenosinetriphos- 
phate, also failed to promote yeast growth. These findings showed the 
specificity of adenosine-3’-phosphate deaminase. The high specificity of 
adenosine-5’-phosphate deaminase was demonstrated by Klein (10). Ad- 
enine thiomethylpentoside, a compound isolated from yeast by Suzuki 
(11, 12) and the only naturally occurring derivative of a thio sugar, served 
as an excellent source of nitrogen for 7. utilis. The thiomethyl group of 
this compound has been allocated to position 5’ of the ribose moiety 
(13, 14). 

The structural similarity of uracil and thymine, coupled with the ob- 
servations of the full utilization of uracil and no utilization of thymine, 
suggested the possibility of antagonism. None was found; 7. utilis prop- 
agated on equivalent quantities of uracil and thymine grew just as well as 
on uracil alone. A similar experiment with uracil and 2-aminopyrimidine 
demonstrated the absence of antagonism in this instance as well. 


The authors wish to thank Mrs. Adrienne M. Kent for technical assist- 
ance, and Dr. George B. Brown and Dr. Paul M. Roll, of the Sloan-Ket- 
tering Institute for Cancer Research, for samples of cytosine and uridylic 
acid. 


SUMMARY 


Saccharomyces cerevisiae Hansen fully utilized allantoin nitrogen for 
growth. Limited growth was supported by adenine, guanine, and cyto- 
sine. The presence of guanine and cytosine deaminases in this yeast was 
suggested. Uricase appeared to be absent. 

Torula utilis extensively utilized all of the naturally occurring purines 
and pyrimidines tested except thymine and alloxan. Purine nucleosides 
were assimilated less completely than the parent bases; purine nucleotides 
were assimilated with greater difficulty. Pyrimidine nucleosides and nu- 
cleotides, adenosinediphosphate, adenosinetriphosphate, ribonucleic acid, 
and desoxyribonucleic acid did not serve as sources of nitrogen. 

Thymine and 2-aminopyrimidine were not antagonistic to uracil utiliza- 
tion. 
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STUDIES ON THE HAZARD INVOLVED IN USE OF C* 
III. LONG TERM RETENTION IN BONE* 


By HOWARD E. SKIPPER, CONSTANCE NOLAN, ano LINDA SIMPSON 
(From the Southern Research Institute, Birmingham, Alabama) 


(Received for publication, August 11, 1950) 


Investigations previously reported (1) have indicated the rate of ex- 
cretion of C™ from labeled bicarbonate, the distribution of the active 
atom from this compound in organs and tissues of mice at periods up to 12 
weeks, and the integrated daily body radiation over this period following 
injection of 18 uc. per mouse (50 mc. man-equivalent). Further studies 
(2) have shown that a single injection of NaHC™OQ; (18 ue. per mouse) 
had no significant effect on the pattern of deaths from leucemia in highly 
susceptible inbred Akm strain mice. 

The present experiments are a continuation of earlier studies (1) 
covering much longer periods (6 hours to 12.7 months), with especial 
attention to qualitative and quantitative distribution of carbonate carbon 
in the bone. 


EXPERIMENTAL 


The technique employed for preparation of radioactive sodium bi- 
carbonate, intraperitoneal injection of the compound, C™“ determination, 
and the assumptions used in the present calculations of body radiation 
have been previously described (1, 3). All animals have been injected at 
a level of 18 we. (2.5 mg. of NaHCO; per mouse). ‘‘Adult” mice of about 
3 months of age were employed in these experiments. 

Autoradiographs of long bones from the NaHC"O;-injected mice were 
prepared as follows: (1) The bones were removed and fixed in 90 per cent 
alcohol. (2) Individual fixed, air-dried bones were mounted in Lucite 
with a Fisher metallurgical mounting press (catalogue No. 12-251). (3) 
The Lucite block in which a given bone was embedded was ground down, 
first with coarse and then with fine emery paper, until the marrow capsule 
was exposed. (4) The Lucite block containing the bone section was then 
clamped to Eastman no screen x-ray film in the dark. (5) The periods of 
exposure are indicated in Figs. 1 to 4. (6) The film was finally developed 
in full strength D-19 (Eastman) for 3 minutes with continual motion, 
fixed for 10 minutes, and washed for 45 minutes. 

A comparison of the specific activities (microcuries per mole of wali 

* This work was supported by a grant from the Medical and Biological Division , 
Atomic Energy Commission. 
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TABLE I 


Comparison of Specific Activities of Intact Long Bones and Long Bone Shafts from 


Mice Injected with NaHC 40, (18 yc.) 


Specific activit Specific activit 
Mouse — Period of (ee. per mole C) ! Mouse Period of (uc per mole C) 
bone bone” bone bone® 
1 | 24 hrs 1.01 0.49 1] 3 mos. 0.09 0.15 
2 0.80 12 4 0.05 0.04 
3 24 “ 0.95 0.51 13 Se 0.04 0.06 
4 24 “ 2.40 1.94 14 = Bie 0.04 0.04 
5 _ 3.12 1.69 15 ae 0.09 
6 Bees 1.95 1.04 16 6.2 “ 0.10 0.24 
(1.89)f} (1.08)t 17 6.3 “ 0.08 0.12 
7 48 0.81 0.36 18 0.07 0.12 
8 1 wk 0.33 19 ms. 0.038 | 0.049 
9 2 wks. 0.28 0.27 20 ite 0.058 | 0.098 
10 1 mo. 0.11 0.25 21 na 0.037 | 0.040 
22 —” 0.028 | 0.040 


No osteogenic tumors have been observed on dissection of the above animals. 
* The proximal and distal ends of the bones were removed, the bone split length- 


wise several times, and the marrow carefully removed. 
t Average for Mice 1 to 6. 


TaBLeE II 


Specific Activity* of Tissues and Bone at Extended Periods after Injection of 


NaHCO; (18 pe.) 


Length of experiment 

Tissue 
4 mos. 5.3 mos. 8.7 mos. 
Muscle....... 0.011 <0.009 <0.009 
Skin and hair........ 0.013 0.017 <0.009 

Diaphyseal bone (shaft).................... | 0.08 | 0.08 


* Specific activity in microcuries per mole of carbon. 


of whole long bones and bone shafts from mice at various intervals after 
injection of NaHCO; is presented in Table I. Activity data on certain 
organs and tissue obtained from individual mice at 4, 5.3, and 8.7 months 
following injection are recorded in Table II. These data may be com- 
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1. Autoradiograph of long bone taken from a mouse 6 hours after injection 
of IS we. of NaliC''Os., 


Note the heavy deposition of carbon in the epiphyseal 
cartilage and marrow. 


exposure of autoradiograph on x-ray film, 30 days. 
hia. 2. Autoradiograph of long bone taken from Mouse 4 at 24 hours after in- 
jection of IS we. of Nall@'O.. Note the heavier deposition on the metaphyseal 
side of the cartilage plate and in the marrow. Lighter deposition in the epiphysis 
and very faint outline of the diaphwsis. Iexposure of autoradiograph on x-ray 
film, 30 days. 

hie. 3. Autoradiograph of long bone taken from Mouse 9 at 2 weeks after in 


jection of IS we. of NallO@'O.. This bone was broken in preparation of the seetion 
but when compared to Figs. | and 2 demonstrates the slower rate of carbon turn- 
over in the diaphysis than in the marrow.  l:xposure on x-ray film, 5 months. 

hia. 4. Autoradiograph of long bone taken from Mouse 15 at 5.8 months after 
injection of IS we. of NaHCO... Deposition of C' in the shaft is quite evident. 


There is evidence of slightly greater activity in the metaphyseal region of the shaft. 
exposure on x-ray film, 5 months. 


pared with similar results already reported at 24 hours, + days, 1 week, 
| month, and 3 months (1). 
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Total Activities of Tissues and Bones (in Millimicrocuries) at Extended Periods 
afier Injection of NaHC8Os (18 pe.) 


Period after injection 


Tissue 

4 mos. 5.3 mos. 8.7 mos. 


[V 
Total Activity Retained in Skeleton, and Skeleton Radiation Calculations on 
NaHC''O;-Injected Mice 


Skeleton total -er cent o + Average daily 
keleton tota Per cent of Skeleton C™ Average daily 


mpc. myc 

(-24 hrs. 45 0.25 | 0.072 
1-2 days 35 0.19 40 | 0.083 
23 0.09 29) 0.02] 
1-2 wks 13 IS 016 
1-3 mos. 0.038 0.004 
3-4 * 3 0.02 4 0.003 
4-5.3 mos. 2 0.0] 3 0.003 
5.3-5.8 mos. 0.03 4 0.003 
5.86.2 3 4 004 
6.26.3 2 0.01 3 0.003 
.3-8.7 6 0.03 } 0.0053 
3 0.0] O.004 
10.2-10.3 “ 4 0.02 4 0.0038 
10.3-10.8 “ 3 0.02 4 0.0038 
10.8-12.7 “ | 0.0] 2 0.092 

*1 roentgen-equivalent-physieal (rep) = 0.083 erg per mg. Tolerance dose 


limits for a 24 hour exposure as set by the Clinton Laboratories = O.1 rep (5); newer 
estimates, 0.3 rep per week (7). 


Representative autoradiographs made from bone sections are presented 
in Figs. 1 to 4. 
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From the data presented in Table II, some assumptions of the average 
mass of certain mouse tissues (1) and the percentage carbon of each 
sample (determined gravimetrically), the approximate total C™“ content of 
the various organs, tissues, and bones have been calculated. These data 
when totaled provide information with regard to the total radioactivity in 
the animal and the per cent of the total injected dose retained at a speci- 
fied time (Table ITI). 

Similar data and calculations have provided approximations of the total 
activity and the per cent of the total dose retained in the skeleton at 
periods up to 12.7 months. These data, along with skeleton radiation 
calculations, are presented in Table IV. 

Since it is well known that C™ emits a very soft 8-ray which traverses 
but several cell diameters (4), such data as have been presented on total 
body radiation and skeleton radiation are of interest but do not present a 


Fic. 5. Diagrammatic sketch showing the principle of the assumption made in 
calculation of “‘active”’ bone volume. 


picture of the maximum hazard. It has, therefore, been considered worth 
while to attempt to ascertain the degree of radiation in the area of the 
bone where the C* content is highest as indicated by autoradiographs. 

As can be seen in the autoradiographs of bones (Fig. 4), the ‘“‘active”’ 
area (after 2 weeks) can be considered roughly as a cylinder with a wall 
thickness the average width of the parallel black lines (see Fig. 5). 
Hence, the “active” volume can be approximated from actual measure- 
ments by multiplying the average length of the lines by the average width 
times 7D (D = the diameter of the hypothetic radioactive cylinder con- 
taining the preponderance of C'*). Such measurements have been made 
with a calibrated filar micrometer on bone autoradiographs from mice 
sacrificed 2 weeks, 5.8 months, 6.2 months, and 6.3 months after injection 
with NaHCO; (18 uc.). Based on total activity determinations on 
corresponding bones in the same mouse, calculations have been made with 
regard to the total activity in c.mm of “active” bone and the degree of 
radiation (roentgen-equivalent-physical per day) in the “active’’ bone. 
These values are summarized in Table V. The density of mouse bone 
was assumed to be 1.0. It is fully appreciated that these calculations are 
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crude and that the assumption that all of the active carbon in the bone is 
contained in the so called active volume is not a valid one. Such an 
assumption, however, is a conservative one and it is believed that the 
calculations reported in Table V provide radiation values which are of the 
correct order. 


TABLE V 


Calculations on Radiation Received per Day by ‘‘Active’’* Volume of Bone at Periods 
after Injection of NaHCO; (18 wc.) 


‘ Activi A diati 
Period active in sttive bene 
c.mm myc. per c.mm rep per dayt 
1-2 wks. 8.2 0.04 0.16 
5.3-5.8 mos 3.7 0.03 0.04 
5.86.2 “ 5.4 0.02 0.04 
6.26.3 “ 6.6 0.01 0.03 


* The ‘‘active’’ volume of the bone shaft as measured and calculated from auto- 
radiographs. 
{ The suggested maximum tolerated radiation for man is 0.04 rep per day (7). 


DISCUSSION 


Bloom, Curtis, and McLean (5) have reported the following results ' 
obtained on autoradiographs of bones of rats at 3 days after injection 
with C'*-labeled carbonate: (1) The shaft of bones showed as black lines. 
(2) The bone in the epiphysis was a faint gray. (3) The metaphysis of 
the growing end of the bone was negative or practically so. (4) The 
non-growing end of the bone was completely outlined in gray. (5) The 
marrow cavity was so pale that it was judged to be probably negative. 
The above authors observed that autoradiographs at 2, 4, 8, and 16 weeks 
were essentially the same as those after 3 days, except that the bones had 
grown in length and width. 

The present data (Figs. 1 and 2) show that carbon from bicarbonate is 
incorporated most rapidly (in mouse bone) into the marrow and the 
cartilage plates between the epiphysis and diaphysis of the growing end of 
the bone. The uptake of carbon by the epiphysis, the non-growing end 
of the bone, and the shaft (diaphysis) is less rapid. This would appear to 
fit in very well with the histologic observations that ‘cartilage plates 
between the epiphysis and the diaphysis are temporary formations which 
serve for the longitudinal growth of the bone” (6). These cartilage 
plates apparently grow by multiplication of their cells and are continually 
replaced by bone. This comparatively high mitotic activity would favor 
rapid uptake and turnover of carbon-containing compounds by epiphyseal 
cartilage. 
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The observations reported by Bloom eé al. at 3 days and longer periods 
and the present data (Figs. 3 and 4) indicate that the turnover of carbon 
incorporated in the shaft is very slow when compared to other areas of 
the bone. 

The quantitative results reported in Table I show that the marrow 
plus the non-diaphyseal bone fractions is higher in C“ at 24 hours than is 
the diaphyseal bone. By 2 weeks the picture has changed, the more 
active centers having replaced C™ with inactive carbon. The diaphyseal 
bone apparently is very slow to turn over carbon after 2 weeks. Even 
after 1 year had elapsed, a readily measurable amount of C was found in 
the bones of mice injected with 18 ue. of NaHC"Q;. 

Calculations of the average whole bone radiation from the small 
quantity of C“ retained show that only about 0.002 to 0.003 rep per 
day is being received by whole bone at the end of a year. The shaft is 
being irradiated at a somewhat higher rate and the “active” area in the 
bone shaft is receiving a still higher radiation rate (see the long term 
autoradiographs and Table V). 

Since after 4 months the highest concentration as well as the greatest 
mass of C from a single injection of NaHCO; is in the bone shaft and 
(based on autoradiographs) appears to be largely contained in a measur- 
able volume, it has been considered important to estimate the degree of 
radiation being received by this ‘‘active” bone shaft. For the period of 
1 to 2 weeks, certain bone shaft cells were receiving about 0.16 rep per 
day, but after 4 months this “active” area bone was receiving about 0.04 
rep per day. The maximum allowable radiation for any tissue as sug- 
gested by the Atomic Energy Commission is about 0.04 rep per day (7); 
therefore, it would appear that an 18 ue. dose for a 25 gm. mouse (a 50 
mc. man-equivalent) produces localized radiation which is temporarily 
above the allowable level. 

It can be seen from Tables II and III and data previously reported (1) 
that the carbon turnover in soft tissue is more rapid than that observed in 
bone. 

The per cent of the total injected radioactive carbon retained by mice 
was of the order of 0.03 at 4 months. At 5.3 and 8.7 months, total re- 
tention was little changed. 


SUMMARY 


1. As judged from autoradiographs made from long bones of mice 
injected with NaHC"Q;, the rate of turnover of carbonate carbon by 
various areas in the bone cross-section may be listed as follows: marrow 
and epiphyseal cartilage > metaphysis of the growing end > epiphysis 
and the non-growing end > bone shaft (diaphysis). 

2. After a period of 4 months the greatest part of the injected radio- 
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active carbon can be found in the bone. The approximate per cent of 
the injected dose retained in the skeleton was 0.25 at the end of 24 hours, 
0.03 at the end of 1 month, 0.02 at the end of 6 months, and 0.01 at the 
end of 1 year. 

3. The average skeletal radiation received by mice injected with 18 uc. 
of NaHCO; was calculated to be approximately 0.07 roentgen-equivalent- 
physical per day for the period 0 to 24 hours, 0.008 between 2 and 
4 weeks, about 0.003 from 5 to 6 months, and 0.002 for the interval 10.8 
to 12.7 months. 

4. The ‘active’ volume of the bone shaft (as estimated from auto- 
radiographs) was receiving approximately 0.16 rep per day from 1 to 2 
weeks after injection of 18 uc. of NaHCO; and about 0.04 rep per day at 
from 5 to 6 months. 

5. A single injection of 18 ue. of NaHCO, (a 50 mc. man-equivalent) 
has resulted in radiation to certain bone shaft cells (“‘active” volume) of 
mice which is greater than the maximum allowable radiation to tissue for 
man (0.04 rep per day). 
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Vickery, Pucher, Schoenheimer, and Rittenberg (9) in a joint prelimi- 
nary study of the assimilation of ammonia nitrogen by tobacco demon- 
strated through the use of isotopic nitrogen that there was an exchange 
of ammonia nitrogen for amino and other tissue nitrogen of the plant quite 
similar to the dynamic exchange earlier demonstrated to occur in animal 
tissues by Schoenheimer and his collaborators (7). The same type of 
exchange was demonstrated to take place in the leaves of the sunflower 
by Hevesy, Linderstrgm-Lang, Keston, and Olsen (1). Recently other 
workers have studied the extent of exchange of labeled nitrogen in plant 
tissues. MacVicar and Burris (3) allowed nitrogen-starved plants to 
take up (N'®H,)2SO, for short periods (4 and 12 hours) in the light. Plants 
were then fractionated and the fractions assayed for N'5. Isotopic nitro- 
gen was found in all fractions, with particularly high concentrations in the 
aspartic and glutamic acid fractions. 

The present work was designed to obtain additional data on the ex- 
tent and rate of exchange encountered with typical plants. Both nitrate 
and ammonium ions were used and rates were compared in the light and 
in the dark. Three processes are studied: (1) the reduction of nitrate by 
higher plants; (2) the possibility of the reversal of this process with oxida- 
tion of ammonia to nitrate; and (3) the exchange of these ions for nitrogen 
of other compounds. 


Methods 


Experimental Material—The plant material used was from plants of a 
Turkish variety of Nicotiana tobacum, grown in the green-house. Imma- 
ture leaves were chosen, 7 to 10 cm. in length. It was found that older 
leaves were somewhat less active in the turnover of nitrogen. 

For the sake of economy of isotopic nitrogen, the leaves were usually 
permitted to take up the solution containing salts to be administered by 
means of their own transpiration processes. Petioles were immersed in the 
culture solution and the leaves arranged to provide favorable circulation 
of air about them. By use of a fan to hasten transpiration, as much as 
20 ml. of culture solution could be taken up by 10 gm. of leaves in 24 hours. 
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In order to obtain some idea of the rate of nitrogen exchange without the 
complication introduced by the rate of uptake, a limited number of ex- 
periments were conducted by the vacuum infiltration technique. 

Fractionation Procedures—At the end of the experimental period, the 
plant material (5 to 20 gm. of leaf material) was homogenized by use of 
an all-glass homogenizer of the type described by Umbreit (8) and suffi- 
cient water to obtain complete suspension. The insoluble residue was 
separated by centrifugation and washed. The water extract was then 
adjusted with HCl to pH 1, heated at 100° for 3 minutes, and centrifuged. 
The precipitate was washed with a small quantity of water and the wash- 
ings added to the supernatant liquid. The extract was heated at 100° 
for 3 hours to hydrolyze amides and the ammonia aspirated by the method 
of Pucher, Vickery, and Leavenworth (6). The non-volatile residue was 
passed over a Duolite C-3 column which absorbed amino acids and other 
cationic substances. The effluent material contained NO;- and other 
anions. 

The amino acids were removed from the Duolite column by elution 
with 2 n sodium acetate. Recovery frequently was poor, particularly 
when only small quantities of amino acids were present. For this reason, 
whenever NO;- was not present (as determined by separate analysis of 
an aliquot by the phenoldisulfonic acid method (4)), the solution left after 
removal of NH,* was subjected to total nitrogen determination directly, 
without being passed through the resin column. Separate studies on 
known mixtures of amino acids indicated that the dicarboxylic acids were 
most easily eluted from the column, whereas the basic amino acids were 
removed with difficulty. It was impossible to extract the column ex- 
haustively with sodium acetate solution, since large quantities of the salt 
make the subsequent determination of total nitrogen by the Kjeldahl 
method unwieldy. Acid as an eluting agent likewise gives very incomplete 
extraction, and more alkaline reagents cause breakdown of the resin. 

For many studies, Fractions A and B were combined and, as indicated 
below, in some cases Fractions D and E were combined or Fraction D 
was analyzed separately on an aliquot, and a combined determination of 
Fractions D and E was made on the remaining aliquot. With Fractions 
A and B or the combined Fraction AB, the entire sample was digested by 
the Kjeldahl-Gunning-Arnold method (4) because of the difficulty of get- 
ting a representative small sample. A microdistillation was then made of 
an aliquot of the digest. 

An outline of a typical fractionation is shown in the accompanying 
diagram. 

Determinations—Nitrogen was determined by the Kjeldahl-Gunning- 
Arnold method for large samples and by the Kirk-Preg] micromethod for 
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smaller amounts (4). When it was desirable to include ring nitrogen, the 
modified procedure of White and Secor (10) was used. 


Macerated tissue 


Centrifuged 
Insoluble (Fraction A) Water-soluble 

incompletely frag- Adjusted to pH 1 with HCl, 

mented cells; some heated at 100° for 3 min., 

protein N centrifuged 

Ppt. (Fraction B) Soluble in dilute HCl; not 
Proteins coagulated by heat 
Heated at 100° for 3 hrs.; 
then made alkaline; 
NH; aspirated 
Non-volatile (amino NH,* and amide N 
acids, NO;~) (Fraction C) 


Passed over Duolite C-3 


resin 
Eluted with 2 Nn 
Na acetate 
Effluent’ NO,- ; Eluate amino acids 
(Fraction D) (Fraction E) 


Nitrate nitrogen was determined by the phenoldisulfonic acid method 
(4) when recovery of the nitrogen for mass analysis was not necessary. 
As pointed out above the nitrate fraction obtained by resin fractionation 
was not necessarily free from amino acid contamination, and when it was 
necessary to make N" assays, a more positive separation of nitrate ion 
was desirable. This was accomplished through the use of 3,4-xylenol as 
proposed by Holler and Hutch (2). The plant extract containing the 
nitrate ion was made strongly acid (70 per cent H2SO,) in the presence of 


< 
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the xylenol and the nitrated xylenol thus formed was separated by steam 
distillation from the diluted (1:3) mixture with 1 ml. of 1 m NaCO; as 
receiver. The nitroxylenol thus obtained was subjected to Kjeldahl di- 
gestion with a preliminary reduction with iron powder, according to the 
procedure of Pucher, Leavenworth, and Vickery (5), modified to accommo- 
date the micro quantities. A sample containing 20 to 200 um of nitrate 
was concentrated to a volume of 5 to 10 ml. and placed in a 30 ml. micro- 
Kjeldahl digestion flask. 2 ml. of concentrated HzSQO, and 0.5 gm. of 


TABLE I 
Assimilation of NO;,;— in Light versus Dark 
Experiment 1—Three lots of seven immature leaves. Lots 1 and 2, petioles im- 
mersed in culture solution consisting of 2 ml. of 0.1 m KN?!5O, (15 atom per cent 
excess N!5) and 5 ml. of 0.01 m phosphate buffer, pH 5.9. Duration of experimental 
period, 24 hours. Lot 3, control, fractionated at beginning of experimental period. 
All of the culture solution had been taken up by the end of 20 hours. 


Atom per cent 
Atom per | excess N" calculated 
Lot No. Fraction Nitrogen | cent excess | on basis of 100 atom 
N's per cent in 
culture tion 
pM 
1. 6.7 gm. (dark) | Insoluble and protein N 1680 0.19 1.25 
Ammonia and amide N 31 2.89 19.20 
Nitrate N 55 5.70 38.00 
Amino acid N 62 0.61 4.06 
2.6.2 gm. (illumi- | Insoluble and protein N 1580 0.47 3.13 
nated 3000 lu- | Ammonia and amide N 34 2.42 26.10 
ces) Nitrate N 51 5.12 33.50 
Amino acid N 55 0.95 6.30 
3.6.1 gm. (con- | Insoluble and protein N ‘1700 
trol) Ammonia and amide 31 
Nitrate N ee 
Amino acid N 58 | 


— 


reduced iron powder (nitrate-free) were added and the flask was shaken 
for 10 minutes. The flask and contents were then slowly heated to boil- 
ing and digestion was carried on as usual. 

Ammonia and amide nitrogen were determined according to the pro- 
cedure of Pucher, Vickery, and Leavenworth (6), except that 3 per cent 
boric acid was used in the receiver. 

To estimate N'5, ammonium ion from the nitrogen determinations was 
converted to nitrogen gas by oxidation with alkaline hypobromite, and 
the N'® content was determined by means of the mass spectrometer. The 
instrument used will be described elsewhere.! The precision obtainable 


1 Delwiche, C. C., and Stout, P. R., unpublished material. 
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with this instrument is such that only enrichments of N'® to the extent of 
().2 atom per cent excess are considered significant in single determinations. 
The results are reported in atom per cent excess calculated on the basis of 
100 per cent N?® in the administered nitrogen compound, although in 
most cases the NO;~ used contained 15 atom per cent excess N!® and the 
NH,* contained about 30 atom per cent excess N!°. 


TaB_e II 
Assimilation of Infiltrated Nitrate 
Experiment 2—Three lots of ten immature tobacco leaves, vacuum-infiltrated 
with culture solution, 0.01 m KN'5O, (15 atom per cent excess N'), 0.01 mM (NH,4) 
SO,, 0.01 m PO, buffer, pH 5.8; duration of experiment, 24 hours. Lot 3 fraction- 
ated at the beginning of the experimental period. 


| | | Atom per cent 
_ Atom per excess calculated 
Lot No. Fraction - Nitrogen | cent excess | on basis of 100 atom 
| Nis cent N14 in 
| culture solution 
1. 12.8 gm.; dark | Insoluble and protein N 3120 = «0.14 0.94 
Ammonia and amide N 62 ~= 0.47 3.1 
Nitrate N <5 
| Amino acid N 71 0.27 1.8 
2. 13.0 gm.; illu- Insoluble and protein N 2900 0.15 1.0 
minated Ammonia and amide N 75 0.37 | 2.5 
Nitrate N <5 
Amino acid N 73 0.22 1.5 
3. 10.5 gm.; con- | Insoluble and protein N 2040 0 0 
trol Ammonia and amide N 102 0.12f 0.8 
Nitrate N 79 15.00 10.0 
Amino acid N | 65 | 0 | 0 


* Insufficient for measurement. 

t Fractionation was begun about 20 minutes after infiltration. Sufficient re- 
duction of nitrate had apparently taken place to show some N'* in the ammonia 
fraction. 


Results 


Reduction of Nitrate by Tobacco Leaves—Several experiments were run 
with labeled nitrate as a substrate, mainly as preliminary tests of the 
technique and with the specific objectives of determining the extent to 
which isolated leaves would effect such a reduction and comparing the 
extent of reduction in light with that in the dark. Table I shows the re- 
sults of a typical study in which the culture solution was administered 
through the petiole. In 24 hours, a large fraction of the nitrate which had 
entered the leaf had been incorporated into other nitrogenous constituents, 
particularly the ammonia and amino acid fractions. 
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Table II (Experiment 2) shows comparable results when the substrate 
nitrate was administered by vacuum infiltration. Here, the total amount 
of substrate which penetrated into the leaf was much less than when the 
solution was administered via the petiole, and it was converted rapidly 
into other nitrogenous compounds without the formation of appreciable 
amounts of amide. 


TaBLeE III 


Assimilation of NH «* by Tobacco Leaves 


Experiment 3—Three lots of tobacco leaves. Lots 1 and 2, petioles immersed in 
culture solution consisting of 2 ml. of 0.1 m N!*H.Cl (30 atom per cent excess N") 
and 5 ml. of 0.01 m phosphate buffer, pH 5.9. Duration of experiment, 24 hours, 
Lot 3, control, fractionated at the beginning of the experimental period. All of the 
culture solution had been taken up by the end of 20 hours. 


Atom per cent 
Atom per | excess N'§ calculated 
Lot No.J Fraction Nitrogen | cent excess | on basis of 100 atom 
Nis per cent in 
culture solution 
uM 
1. 6.6 gm.; light Insoluble and protein N 1590 1.54 5.13 
Ammonia and amide N 83 19.00 63.30 
Nitrate N 58 <0.05 <O0.15 
Amino acid N 50 5.32 17.70 
2. 6.4 gm.; dark Insoluble and protein N 1640 0.78 2.60 
Ammonia and amide N 96 22.40 73.30 
Nitrate N 59 <0.05 <0.15 
Amino acid N 50 5.02 16.70 
3.6.1 gm.; con- | Insoluble and protein N 1700 
trol Ammonia and amide N 31 | 
Nitrate N 22 | 
Amino acid N 58 | 


The leaves used were apparently capable of assimilating large quantities 
of nitrogen, both nitrate and ammonia, into the protein fraction. This, 
coupled with the fact that a comparatively small quantity of substrate 
was introduced, resulted in a predominant assimilation of both ammonia 
and nitrate, with a consequent masking of whatever exchange may have 
been taking place. The exchange processes are more evident in later ex- 
periments with ammonium ion in which fractionations were made at inter- 
vals during 24 hours. 

In neither of the above experiments was there any great difference be- 
tween the leaves which were kept in the light and in the dark. The slight 
difference between the light and dark lots of Experiment 1 (Table I) can 
be quite readily explained by a more rapid transpiration and consequently 
more rapid uptake by the illuminated leaves. 
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Exchange with Ammonium Ion—Similar studies were made with N?- 
labeled ammonium ion. The principal object of these studies was to gain 
information as to the rate of exchange of N'* from labeled ammonium ion 
with other nitrogenous fractions. Table III gives results of Experiment 
3 which was carried out under conditions comparable with those of Ex- 
periment 1 with nitrate. 
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Fic. 1. Exchange of nitrogen in excised leaves, Experiment 4. Five lots of ap- 
proximately 15 gm. each of immature tobacco leaves; vacuum-infiltrated with 0.01 
N'5H,Cl (30 atom per cent excess N'*) and 0.001 m phosphate buffer, pH 5.8. Lots 
fractionated at 0, 3, 6, 12, and 24 hours after infiltration and fractions assayed for 
N'5, Ordinates, atom per cent excess N'* calculated on the basis of 100 atom per 
cent in infiltrated ammonium ion. __ 


Here, again, there was a general incorporation of labeled nitrogen into 
most fractions of the leaf. A notable exception to this is the nitrate frac- 
tion. When separated from the sap solution by distillation of the nitrated 
3,4-xylenol, as described earlier, the nitrate obtained appeared to be free 
of N!* within the limits of sensitivity of the mass spectrometer. This 
appears to be one of the exceptions to the almost universal dynamic 
equilibration characteristic of living cells. Other species, or tobacco leaves 
under different conditions, may be capable of making this exchange be- 
tween ammonium and nitrate ions. This point is worthy of further in- 
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vestigation because of the potential nitrification such an equilibration 
would imply. 

Fig. 1 (Experiment 4) gives typical curves showing the rate of equilibra- 
tion of labeled ammonium ion with other fractions. The “‘protein’’ frac- 
tion given here is that fraction of the extracted juices of the leaves pre- 
cipitated by 5 per cent trichloroacetic acid. 


DISCUSSION 


It was pointed out by Vickery et al. (9) that the incorporation of labeled 
nitrogen into organic compounds would be anticipated to result from two 
general categories of processes: first, those resulting in the synthesis of 
new tissues or growth processes, and, secondly, through the interaction of 
labeled inorganic nitrogen with organic compounds already formed. In- 
cluded in this second category would be the conversion of nitrate to re- 
duced forms of nitrogen, with a parallel increase in the total amount of 
amide and amino nitrogen in the plant. Since the duration of all experi- 
ments in the present study is short (24 to 48 hours), growth can explain 
only a limited incorporation of labeled nitrogen into plant tissues, and the 
distribution of isotopes observed will result from changes due to exchange 
between compounds in equilibrium or the conversion of a metabolite to 
some other intermediate form. 

It must be emphasized that the plant was under quite different condi- 
tions before treatment with the various substrates used. During the ex- 
perimental period, the leaves will undergo a readjustment of equilibria 
in response to the salts introduced. Thus, when a leaf which has been 
existing under conditions of limited nitrogen supply is suddenly provided 
with an abundance of nitrate ion, an appreciable quantity of this nitrate 
will be reduced to the ammonia or amide level, provided the energy- 
yielding mechanisms which effect this reduction are operative. This will 
result in a new set of equilibria for amino acids, protein, and practically 
all other nitrogenous constituents. 

When the distribution of isotopic nitrogen is observed, it will reflect 
not only the exchange due to reversible or cyclic processes, but also that 
portion of isotopic material carried to various compounds by this shift in 
equilibria. 


SUMMARY 


Data are presented which give a measure of the rate of assimilation of 
ammonium and nitrate ions by tobacco leaves. Rates in the light and in 
the dark are compared. 

The incorporation of labeled nitrogen from nitrate into other nitrogenous 
fractions takes place readily in the dark as well as in the light. 
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The exchange of labeled nitrogen from these two sources for the nitrogen 


of amino acids and proteins was clearly evident in every case. 


When substrate isotopic nitrogen was in the form of ammonium ion, no 


isotopic nitrogen was found in the nitrate fraction. 


BIBLIOGRAPHY 


. Hevesy, G., Linderstrgm-Lang, K., Keston, A. S., and Olsen, C., Compt.-rend. 


trav. Lab. Carlsberg, 28, 213 (1940). 


. Holler, A. C., and Hutch, R. V., Anal. Chem., 21, 1385 (1949). 
. MacVicar, R., and Burris, R. H., J. Biol. Chem., 176, 511 (1948). 
. Official and tentative methods of analysis of the Association of Official Agricul- 


tural Chemists, Washington, 6th edition (1945). 


. Pucher, G. W., Leavenworth, C. S., and Vickery, H. B., Ind. and Eng. Chem., 


Anal. Ed., 2, 191 (1930). 


}. Pucher, G. W., Vickery, H. B., and Leavenworth, C. S., Ind. and Eng. Chem., 


Anal. Ed., 7, 152 (1935). 


. Schoenheimer, R., The dynamic state of body constituents, London (1942). 
_ Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric techniques and 


related methods for the study of tissue metabolism, Minneapolis (1949). 


. Vickery, H. B., Pucher, G. W., Schoenheimer, R., and Rittenberg, D., J. Biol. 


Chem., 185, 531 (1940). 


. White, L. M., and Secor, G. E., Ind. and Eng. Chem., Anal. Ed., 18, 457 (1946). 


| 

2 
3 
4 

| 

7 

| 
r 
| 
f 
3 


T 
\ 
I 
‘ 
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HOST TOBACCO PLANT 
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One approach to the problem of virus multiplication has been to study 
the quantitative changes that nitrogenous substances undergo in tobacco 
plants during the formation of tobacco mosaic virus (TMV). 

According to the results of Martin, Balls, and McKinney (6), the total 
N and apparently the total protein of TMV-infected plants (on a fresh 
weight basis) do not differ significantly from those of healthy plants. 
Stanley (11) found that the concentration of readily extractable protein 
in extracted juices of infected plants increased until the 5th week after 
inoculation. However, the concentration of low molecular weight protein 
remaining in the supernatant fluid after the first ultracentrifugation of the 
extracted juice was found to decrease. 

Wildman, Cheo, and Bonner (15) made electrophoretic analyses of 
cytoplasmic protein solutions isolated from tobacco plants at different 
intervals after inoculation with TMV. They interpreted the results to 
indicate that, while the virus protein increased, a preponderant normal 
protein decreased by approximately the same amount. These results, 
according to the authors, strongly suggest that the virus protein is syn- 
thesized at the direct expense of this main protein component. Before 
electrophoresis, the solutions used in this study were adjusted to uniform 
nitrogen content because of the observations of these authors that the 
amount of cytoplasmic protein, based on the dry leaf weight, extracted by 
means of an Eppenbach colloid mill, does not change significantly with 
the multiplication of the virus. 

However, according to their tabulated data, the dry weight and the 
cytoplasmic protein content are always slightly greater in the virus-con- 
taining plants than in the normal. Consequently, if their results are re- 
calculated on a fresh weight basis, an increase will be found in cytoplasmic 
protein corresponding to 30 to 40 per cent of the yield of virus. Such an 
increase in cytoplasmic protein probably would appear also if the results 
were expressed on the basis of the volume of extracted juice. 

Nevertheless, any one of these bases of calculation is probably no more 
valid than the others. Actually, a growing plant is not a closed system, 


* Government Scholar of the Instituto Biologico, State of Sio Paulo, Brazil. 
177 


| 
| 
| 


178 TOBACCO MOSAIC VIRUS 


but it is in continuous exchange with the environment; so that, for example. 
a protein fraction that shows a relative decrease actually may be even 
increasing in its total quantity. This does not imply that a relative de- 
crease of a substance, concomitant with the increase of another, is not 
evidence of some relationship between both. Rather, it means that, even 
if a substance is formed at the direct expense of another, its increase does 
not necessarily have to be equal to the decrease of its source. 

It is becoming increasingly evident that the level of protein of the plant 
is probably maintained through a dynamic cycle of synthesis from, and 
breakdown to, simpler substances that constitute a pool, the availability 
of whose components is more or less constant (1, 4, 13). The newly intro- 
duced virus, in sharing this source, may simply cause the level of the nor- 
mal protein to fall. 

To investigate this point, as well as to study other questions concerning 
the multiplication of virus, it seemed that the use of labeled substances 
would be helpful. 

This paper presents the initial results obtained from investigations on 
the multiplication of TMV in tobacco plants with N' as a tracer element 
in the form N'5H,Cl. 


Methods and Material 


General—The experiments consisted essentially in infiltrating leaves 
from tobacco plants with solutions of N'*-labeled NH,Cl at various times 
after inoculation with TMV, and in taking comparable samples at inter- 
vals following the infiltration. In each case, determinations were made 
of the abundance of N' in the virus and in the protein of the supernatant 
fluid from the first ultracentrifugation (‘‘normal protein’). The total 
nitrogen of these fractions was also determined. 

Turkish tobacco plants were used just before they reached flowering 
age. The youngest and oldest leaves were removed, leaving seven to nine 
leaves of the median region on the plant. All of these leaves were in- 
oculated with a solution consisting of 1 part of 0.1 mM phosphate buffer, 
pH 7.0, and 1 part of infected plant juice. The inoculation was performed 
by rubbing the entire surface of the leaves with a short bristled brush 
dipped in the solution and washing them thoroughly with water afterward. 

The leaves were harvested at different intervals following the inocula- 
tion and cut along each side of the midrib, which was discarded. When 
two samples were taken after the infiltration, each was composed of half 
of each leaf used. When four samples were used, the half leaves were 
cut at right angles to the midrib into two approximately equal portions, 
which resulted in four different quarters, right and left apical and right 
and left basal. 64 leaves were used in these experiments. Each of the 
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four groups was composed of a quarter of each leaf and, at the same time, 
of an equal number of different quarters. 

The samples, prepared in this way, were infiltrated by means of a vacuum 
(7) with a solution of 0.01 m NH,Cl containing 30 to 34 atom per cent 
excess N'®, After infiltration, the leaves were laid out in a cabinet il- 
luminated with artificial light of approximately 2000 luces intensity at a 
temperature of about 27°. The leaves were spread on the shelf with the 
top surface upward. After several hours, when they had lost the excess 
water, they were floated on water to avoid excessive wilting. Samples 
were taken at intervals following the infiltration and were submitted to 
analysis. 

Fractionation and Analyses—These samples were immediately ground in 
a porcelain mortar with half their weight of ice-cold 0.1 M potassium ma- 
leate buffer at pH 7.0. In some cases, grinding was continued for 40 
minutes and in others for 1 hour. All grinding was done in a cold room 
near 0°. 

The suspension of ground material obtained was centrifuged at about 
1500 X g for 1 hour in the cold room. Additional buffer equal to half the 
original fresh weight was added to the residue and centrifugation was re- 
peated. Both supernatant fluids were combined and frozen at —18°. 
This extract after thawing was again centrifuged at 1500 X g. 

An aliquot of the supernatant fluid was ultracentrifuged for 1 hour in 
a refrigerated Spinco ultracentrifuge at 85,000 K g. The pellet contain- 
ing the virus was dissolved in 0.1 m phosphate buffer at pH 7.0, centri- 
fuged at low speed, and the supernatant ultracentrifuged again. The 
resuspension and ultracentrifugation were repeated three or four times 
until a clear pellet of virus was obtained. 

The supernatant fluid from the first ultracentrifugation was used for 
the separation of the normal protein. It was ultracentrifuged again. In 
only a few cases a very small pellet was formed in the second ultracentri- 
fugation, which was discarded. 

To an aliquot of this juice, an equal volume of cold 10 per cent trichlo- 
roacetic acid solution (TCA) was added in the cold room, and the mixture 
was centrifuged. The precipitate was washed twice with cold 2.5 per 
cent TCA solution. As an alternative, the protein fraction was separated 
by prolonged dialysis against phosphate buffer, pH 7.0. In Experiments 
1 and 7, fractionation was accomplished in both ways, and the figures in 
Table I show the abundance of N!® found in the normal protein for both 
methods of separation. There is essentially no difference in the results 
obtained by these two procedures. 

The virus protein and the normal protein separated by the above meth- 
ods were submitted to digestion and analyzed for total nitrogen by the 
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micro-Kjeldah] procedure, and the resulting NH,Cl from the titration 
was assayed for N!® content. 

Ammonium ion from the nitrogen determinations was converted to 
nitrogen gas by oxidation with alkaline hypobromite according to the 
procedure of Rittenberg (16), and the N'® content of the gas was deter- 
mined by means of the mass spectrometer. The instrument used will be 
described elsewhere.! With this instrument, the precision with which the 
minor abundance can be determined is somewhat limited; hence only 
enrichments of N!* to the extent of 0.2 atom per cent excess are considered 
significant in single determinations. This figure is conservatively within 
the range of the instrument, and, for the experiments described, the chem- 
ical and physical fractionations involved are probably the greatest source 
of error. 


TABLE 


Comparison of N'5 Content of Normal Protein Separated by Prectpitation with 
5 Per Cent TCA and by Dialysis 


| | N' content, atom per cent excess* 


Experiment No. | Time after infiltration 
| TCA | Dialysis 
hrs. | 
1 4 1.2 1.6 
24 3.5 3.5 
7 6 0.96 0.96 
24 3.3 3.3 


* Calculated on the basis of 100 atom per cent excess N!5 in the substrate am- 
monium ion. 


EXPERIMENTAL 


The experimental results are summarized on Table II. In every case 
except Experiment 7 (35 days after inoculation), the amount of virus in 
the detached leaves continues to increase in a manner consistent with the 
observations of previous workers (8, 12). In every experiment conducted 
from 5 to 10 days after inoculation, the increase of virus during a period 
of 20 hours is clearly evident. For shorter periods (4 to 6 hours), however, 
increases are not always detected. 

Quantitative Changes in Nitrogenous Fractions—In every experiment in 
which an increase in the amount of virus is observed, the normal protein 
seems to decrease, although not necessarily in the same proportion as the 
virus increases. This decrease could, at least partially, be due to the fact 
that the leaves were detached from the plant. Vickery et al. (14) showed 


1 Delwiche, C. C., and Stout, P. R., unpublished material. 
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that the level of the protein in detached leaves of tobacco plants falls 
with time. The results of Takahashi (12) do not show a significant de- 
crease of protein (TCA precipitate) in the extract of detached leaves of 
tobacco during the first 3 days after excision (a period 3 times as long as 
that of our experiment). Moreover, in Experiment 1, with healthy plants, 
and Experiment 7, in which the amount of virus does not seem to be in- 
creasing, there is no evidence that such a decrease in the normal protein 
occurred. 


TABLE II 


Quantity Extracted of Virus Protein N, and Normal Protein N and N*5 Content 
of These Fractions at Different Intervals Following Infiltration with 
0.01 M NH (Cl 


| | "Normal protein, Virus protein, | Nu*, atom per cent 
| A B | protein protein 
| 
] Healthy | 4 24.90 0 —(C0 1.2 
| | @ | 2.0 0 =O 3.5 
1.14 0.05 0.79 | 2.7 
| | 2.00 | ON 3.2 | 10.6 
3 6 7 | 24 | 3.87 | 0.10 2.1 3.1 
7.44 0.22 3.8 8.2 
5 Pos 3 9.3 26.4 2.8 0.47 | 0.15 
6 8.27 | 26.4 3.2 1.6 0.63 
12 8.99 | 28.2 3.1 3.2 2.3 
| | we | 3.1 4.4 | 4.7 
6 | 16.1 | 84.3 0.96 | 0.15 
| | | 15.5 3.3 0.15 


* Calculated on the basis of 100 atom per cent N'* in the substrate ammonium 
ion. 


Rate of Virus Formation—Since these experiments were conducted over 
a period of several months, caution must be exercised in comparing the 
results of one experiment with those of another, even though every effort 
was made to work with plants of the same physiological age. In spite of 
this, in a general way, the amount of virus found increases with the time 
elapsed after inoculation in a manner consistent with the findings of other 
workers (5, 9). Although extraction procedures were somewhat different, 
the amount of protein extracted as well as the relation of the virus pro- 
tein to the normal protein (B:A, Table II) is of the same order as that 
found by Stanley (11). The ratio B:A is somewhat greater in our ex- 
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periments. One difference, however, was found in the rate of increase of 
this ratio. While values near to a maximum are reached after 8 to 10 
days in our experiments, an equivalent value is shown only after 5 weeks 
in the experiments of Stanley. This difference undoubtedly has its origin 
in the fact that, whereas Stanley worked with normally growing plants, 
inoculating just two of their leaves and analyzing the entire plant, we 
inoculated all of the remaining leaves of plants from which the top and 
bottom leaves had been removed and did not permit the growth of new 
shoots. Other workers (5, 9) have shown that when only part of the tissues 
is inoculated considerable time is required for the infection to spread to 
other parts of the plant. 

The sum of the normal protein and virus protein extracted varies from 
one experiment to another. In addition to the sources of variation re- 
ferred to above, it is possible that accidental differences in the degree of 
grinding occurred, and, in Experiments 4 and 5, we deliberately ground 
the samples for 40 minutes instead of 1 hour. It seems, however, that as 
the infection progressed the amount of total protein extracted became 
greater. The extraction methods used did not yield as much total nitro- 
gen as was extracted by Wildman et al., but successive extractions of the 
leaf material yielded protein of identical N'!® content (see Table III). 

Rate of Nitrogen Exchange—In every case there was a rapid exchange of 
_ N* between the substrate ammonia and normal protein. The rate of this 
exchange is approximately the same in every experiment, including the 
one with healthy plants. 

The behavior of virus protein in this respect is completely different. 
Its increase in N!5 in the first experiments is much greater than that of 
the normal protein. In Experiment 2, the rate of this increase in the virus 
is almost 3 times greater than in the normal protein. As the infection 
progressed, however, less N!® found its way into the virus fraction, and 
35 days after inoculation, when virus multiplication had apparently ceased 
(Experiment 7), no detectable amount of N'® was found in the virus, 
even 24 hours after infiltration. 


DISCUSSION 


I-xamination of the data given in Table II and Fig. 1 clearly shows that 
the rate at which N'® appears in the virus fraction during periods of ac- 
tive virus formation is 2 to 3 times as great as the rate at which the label- 
ing atom is taken into the other proteins. In Fig. 1 are given curves ob- 
tained from the data of Experiment 4, together with a calculated curve 
showing the rate at which N!® would be expected to appear in virus, assum- 
ing it is being formed directly and irreversibly from a precursor protein 
of the same isotope content as that extracted. This hypothetical curve 
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is obtained by adding the increment of N' carried over to the virus frac- 
tion with the observed rate of virus increase (0.25 mg. of virus per hour 
per 100 gm. of fresh weight) and taking a median value for each time period 
for the N?® content of the extracted host protein. 

The actual rate at which N* appears in the virus fraction is almost 10 
times this, from which it is clear that this formulation cannot be a true 
representation of the processes involved. 
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Fic. 1. Comparison of the rate at which N?!® appears in the virus fraction with 
that for the protein fraction, and the calculated curve, assuming virus is being 
formed directly and irreversibly from the protein precursor of isotope content the 
same as that of the isolated protein. Ordinates, atom per cent excess, calculated 
on the basis of 100 atom per cent excess N'* in the substrate ammonium ions. Data 
taken from Experiment 4. 


/sotope content 


If the process of virus formation were a reversible one, and an exchange 
of N'® between cytoplasmic protein and virus were taking place, the N' 
content of the product virus still would have to lag behind that of the pro- 
tein from which it was being formed. 

Since labeled nitrogen appears in the virus fraction at a greater rate 
than it does in the extracted cytoplasmic proteins, we are forced to con- 
clude that the greater portion of the virus molecule is formed from some 
nitrogenous constituent of the cell which is undergoing a more rapid ex- 
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change with ammonium nitrogen than the extractable cytoplasmic pro- 
tein. Amino acids best fill this requirement, although a polypeptide is 
not excluded, and certain moieties of the host cell, such as nucleic acids, 
could be incorporated into the virus molecule without further alteration. 

In addition, the above data cast new light on the question of the re- 
versibility of the process of virus formation. Some data in the literature 
suggest that the TMV protein in tobacco plants is not hydrolyzed and, 
unlike the normal protein, does not participate in the catabolic processes 
of the plant. It is claimed that plants suffering severe nitrogen deficiencies 
(10) and in detached leaves (12), in which conditions are favorable for 
the hydrolysis of protein, virus protein cannot be utilized for normal 
metabolism. 

This concept is further confirmed by the results of Experiment 7 (Table 
II). After 35 days, the amount of virus in the plant has reached a maxi- 
mum, and its level is maintained more or less constant over the period of 
the experiment. Since no N! gets into this fraction, it is evident that no 
concurrent breakdown and resynthesis are taking place. Although it is 
demonstrated that little if any reversal of the virus-synthesizing processes 
takes place 35 days after infection, the question as to whether such a re- 
versibility is possible during earlier stages of infection must be considered. 
It is possible that the virus particle infecting an individual cell loses its 
identity in a manner analogous with that reported to occur in the process 
of infection of Escherichia coli by T phage (2,3). If the infecting particle 
were completely destroyed and its constituent amino acid returned to the 
nitrogen pool of the cell, virus material would be destroyed over a consider- 
able period of time (since not all the plant tissue is infected at once). 
Thus, while infected plant tissues are available for invasion by the virus, 
a breakdown of virus particles concomitant with synthesis of new ones 
would be observed. The effect of such an attrition of virus particles would 
be a virtual breakdown and resynthesis of virus, giving the over-all process 
many characteristics of a reversible reaction until infection had reached 
all parts of the plant, whereupon no further “reversibility”? would be ob- 
servable (comparable with Experiment 7, Table II). 

As pointed out earlier, the rate at which N’® gets into the virus frac- 
tion is greatest in the earlier stages of infection (Experiment 1), and the 
more advanced the infection (1.e., the higher the concentration of virus 
in the leaves) when labeled ammonium ion is administered, the less N" 
appears in the virus. From a qualitative point of view, this is what would 
be expected if the only N'* appearing in the virus fraction were that due 
to the formation of new virus and no exchange took place. Unfortunately 
the methods of fractionation and determination of virus are not sufficiently 
refined to permit a reliable quantitative calculation in this respect, and it 
cannot be unequivocably stated that an exchange does not take place 
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during the earlier stages of infection. Further experimentation to clarify 
this point is contemplated. 

Since not all of the cytoplasmic protein of the cell is accounted for by 
our procedure of extraction and fractionation, it was considered advisable 
to compare the N'® content of different preparations of the leaf material 
obtained under differing conditions. This would then provide a clue to 
any possible differential in N'* content paralleling a differential fractiona- 
tion. 

In Experiment 6, after extraction of juice from the leaves in the usual 
way, the residue of the centrifugation was ground again for 1 hour more 
and submitted to all of the steps of the process of extraction and separa- 
tion of normal and virus protein. The N' content of both virus and pro- 
tein was determined in both extracts. The results are given in Table III. 


TaBLeE III 
Comparison of N'5 Content of Normal and Virus Protein in Extracts of Leaves of 
Experiment 6 
N'5 content, atom per cent excess 
Fraction Time after infiltration 
Ist extract 2nd extract 
hrs. 
Normal protein 4 1.3 1.1 
24 4.4 4.5 
Virus 4 0.62 0.62 
24 4.7 4.7 


In Experiment 2, the juice was obtained in the usual way, but part of 
it was left at room temperature for several hours. The precipitate that 
was formed was separated by centrifugation, and its N!® content was 
determined. The N'® content of this ‘‘denatured”’ protein and that of 
protein obtained through the usual procedure were essentially the same. 

In Experiment 1, with healthy plants, the N'® content was also deter- 
mined in the protein of a part of the juice that was ultracentrifuged. 
Here again no significant difference was observed. 

In no case was there any evidence of a differential separation of the cyto- 
plasmic protein, and it was concluded that the fraction obtained, although 
not including all the extractable protein of the cell, was indeed representa- 
tive of the total extractable protein. 


SUMMARY 


1. It is concluded that, in the host tobacco plant, TMV is formed from 
some nitrogenous compound or compounds (such as amino acids) which 
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undergo a more rapid exchange of nitrogen with ammonium ion than does 
the extractable protein of the cell. 

2. It is further concluded that, at least after infection has run its course 
in the plant, the virus behaves as a foreign protein which is not in dynamic 
equilibrium with other cell constituents. 

3. Evidence is cited which strongly suggests that the process of virus 
formation in the host plant is virtually an irreversible one. 


We wish to acknowledge the generous assistance of a number of members 
of the Division of Plant Pathology of the University of California, particu- 


larly that of Dr. R. E. Rawlins, Dr. H. Gold, and Dr. W. N. Takahashi. es 
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ISOLATION OF CHONDROITIN SULFATE-S*® FROM 
ARTICULAR CARTILAGE OF RATS 
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(From the Hospital of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, September 30, 1950) 


In a previous publication (1) data were presented suggestive of the in- 
corporation of S** into chondroitin sulfate of knee-joint cartilage in suck- 
ling rats following the administration of labeled sodium sulfate. It was 
felt that one would be more assured of this if chondroitin sulfate with S*® 
incorporated therein were actually isolated. An attempt to do so has 
been made and is described. 


EXPERIMENTAL 


Each of thirteen 7 day-old suckling rats, Whelan strain, was given 0.2 
mg. of labeled sodium sulfate! by intraperitoneal injection. The knee- 
joints were removed 48 hours later and divided into two pools. To each 
pool of cartilage 500 mg. of purified chondroitin sulfate, isolated previously 
from bovine nasal septa according to the directions of Bray et al. (2), were 
added. Each mixture was then carried through the steps outlined by 
Bray et al. (2) for the isolation of chondroitin sulfate. The isolated sam- 
ples were dissolved in water and reprecipitated by the addition of glacial 
acetic acid in excess. After drying overnight in vacuo at room tempera- 
ture over calcium chloride and sodium hydroxide, a 100 mg. portion was 
removed from each of the two samples for analysis. Solution in water of 
the remainder of each sample and reprecipitation by the addition of glacial 
acetic acid in excess were repeated two more times. Dried 100 mg. por- 
tions were removed for analysis after each of these reprecipitations. The 
samples were oxidized with sodium peroxide in a Parr bomb and the sulfur 
was isolated as barium sulfate from acidified and filtered solutions of the 
melts. 

Preparation of the barium sulfate for assay of S*° concentration and the 
determination of radioactivity were essentially as those previously re- 
ported (3). 

In the control experiments the knee-joint cartilage from eight uninjected 
suckling rats was divided into two pools. To each pool 1 mg. of labeled 
sodium sulfate in 1 ml. of water and 500 mg. of chondroitin sulfate of 


1The S* used in this investigation was supplied by the Oak Ridge National 
Laboratory on allocation from the United States Atomic Energy Commission. 
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bovine origin were added. The mixtures were then treated as already 
outlined. 

A spectroscopic examination of the remainder of each chondroitin sul- 
fate sample revealed the presence of at least sodium and barium. Con- 
sequently the concentration of sodium was determined with a Beckman 
flame photometer. Barium was isolated as barium sulfate, after oxida- 
tion with sulfuric and nitric acids (4), and weighed in a Gooch crucible. 
Nitrogen was determined by a semimicro-Kjeldahl procedure. 


TABLE I 


Activity of Chondroitin Sulfate Isolated from Articular Cartilage of Suckling Rats 
after Intraperitoneal Administration of S** As Sodium Sulfate 


Sample No. Activity in sample Specific activity 
c.p.m. per 100 mg. c.p.m. per mg. S 
A-1 5700 1500 + 7 
A-2 5650 1490 + 10 
A-3 5710 1470 + 17 
B-1 4600 1240 + 6 
B-2 4710 1210 + 11 
B-3 4580 1180 + 8 
C-1 25.5 6.52 0.1 
C-2 24.7 6.02 0.1 
C-3 24.2 5.6 + 0.3 
D-1 37.5 9.12 0.3 
D-2 35.8 8.5 + 0.5 
D-3 38 .6 9+ 0.2 


In Experiments A and B the samples were obtained from 9 day-old rats injected 
48 hours previously with labeled sodium sulfate. In Experiments C and D sodium 
sulfate containing the isotope was added to the cartilage removed from untreated 
suckling rats before isolation of chondroitin sulfate was attempted. In the first 
column the numbers indicate the number of times the sample was reprecipitated 
after isolation. 


RESULTS AND DISCUSSION 


The data on the activity of S** in the samples of chondroitin sulfate 
isolated from knee-joint cartilage of the rat are summarized in Table I. 
Animals from which cartilage for Experiments A and B was removed were 
the ones which received 0.2 mg. of labeled sodium sulfate. The total ac- 
tivity dispensed was 16.64 * 10° ¢.p.m. Each experimental group (Ex- 
periment A or B) was in contact, therefore, with about 8.3 X 105 c.p.m. 
of S** in the form of sodium sulfate. On the basis of previous experience 
(1) this activity should have diminished to about 2 * 105 c.p.m. in the 
whole carcass by the end of the 48th hour. Since 1 mg. of the same lot 
of labeled sodium sulfate was added to each pool of cartilage represented 
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by Experiments C and D, each of these was in contact with 6.4 < 105 
c.p.m. This is obviously in great excess of the activity expected in the 
whole carcass of the animals used in Experiments A and B, or in the car- 
tilage obtained from them. 

From the data in Table I it appears that under the experimental con- 
ditions employed it is possible to isolate chondroitin sulfate from knee- 
joint cartilage of suckling rats with the incorporated S** of the adminis- 
tered sulfate ion. The isolated materials are reasonably homogeneous, 
since the specific activities do not change to a marked extent on repre- 


TaB.LeE II 
Solubility Test of Homogeneity of Chondroitin Sulfate Isolated from Suckling Rat 
Cartilage after Administration of Labeled Sodium Sulfate (S**) 


Activity of solution | Weight of sample | Activity of solution 
Sample No. Weight of sample brs. at 24 hrs. hrs. 
(2) (4) (s) 


meg. c.p.m. per mi. mg. c.p.m. per mi, 
A-3 22.4 39 + 4.2 35.9 42 + 4.3 
B-3 18.0 35 + 4.0 17.6 45 + 4.5 


In Column 2 are given the weights of the samples originally suspended in 5 ml. of 
95 per cent ethanol at 20+ 1°. After removing approximately 2 ml. of the super- 
natant at the end of 24 hours for analysis, the weights of the samples indicated in 
Column 4 were added to the material remaining in the flasks at this time. For 
further details see the text. 


TaB.LeE III 
Composition of Chondroitin Sulfate Isolated with S* 
Sample No. Sulfur Nitrogen Sodium Barium 
per cent per cent per cent per cent 
A-3 3.87 2.94 1.39 3.26 
B-3 3.83 2.91 1.18 3.57 


cipitation. If labeled inorganic sulfate had been present in the cartilage, 
this would have been eliminated almost completely in the process of iso- 
lation, as indicated by the control experiments, C and D. 

As a further test of the homogeneity of the chondroitin sulfate Samples 
A-3 and B-3, listed in Table I, were suspended separately in 5 ml. of 95 
per cent ethanol at 20 + 1° in glass-stoppered Erlenmeyer flasks and al- 
lowed to stand, with occasional shaking, for 24 hours. At this time a 
portion of the solution was removed and filtered. 1 ml. of the filtrate was 
then evaporated to dryness in a counting cup and the S* concentration in 
the residue determined. To the solutions remaining in the Erlenmeyer 
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flasks additional quantities of Samples A-3 and B-3 were added and the 
flasks again shaken occasionally for an additional 24 hours. After filtra- 
tion, 1 ml. samples of the filtrates were again evaporated to dryness in 
counting cups and assayed for S**. The results of this experiment are 
summarized in Table II. On the basis of these data and the data in Table 
I it is felt that the chondroitin sulfate samples appear to be relatively 
homogeneous. 

A summary of additional analyses on Samples A-3 and B-3 is given in 
Table III. The fact that barium was found in the samples may account 
in part for the low values for sulfur. Some of the sulfur, as barium sul- 
fate, was undoubtedly removed by filtration of the acidified melts before 
precipitation of the remainder of the sulfate by the addition of barium 
chloride. 

Glucuronic acid was indicated as present in the chondroitin sulfate sam- 
ples by Tollens’ naphthoresorcinol test. 

The samples, furthermore, did not react with Schiff’s reagent after pre- 
treatment with periodic acid according to the directions of Hotchkiss (5). 
The samples did, however, bind toluidine blue when suspended in a 0.1 
per cent. solution of the latter in 30 per cent ethanol. 


SUMMARY 


By use of chondroitin sulfate of bovine origin as carrier, chondroitin 
sulfate was isolated from knee-joint cartilage of suckling rats following 
intraperitoneal administration of labeled sodium sulfate. S** was shown 
to be present in the chondroitin sulfate samples. The specific activity of 
the S®** did not change to any appreciable extent on repeated purification 
of the isolated samples. 
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The alkali-catalyzed transformation of glucose into fructose and man- 
nose was described first by Lobry de Bruyn and van Ekenstein (1). 
The mechanism which has generally been accepted to account for these 
reactions involves the assumption of an intermediary enediol. Doubt 
was cast upon this assumption when Fredenhagen and Bonhoeffer re- 
ported experiments in which glucose was kept in a medium of D,O-Ca(OD),. 
(2). As will be seen from Fig. 1, the repeated formation of enediol would, 
under these circumstances, be expected to result in the eventual equilibra- 
tion of the hydrogen atoms bound to carbon atoms | and 2 with the deu- 
terium of the aqueous environment. Indeed this situation was approached 
when the experiment was run at 35°. At 25°, however, only small 
amounts of carbon-bound isotope could be detected, corresponding to the 
introduction of about 0.05 atom of deuterium per molecule of sugar, and 
for this reason Bonhoeffer rejected the assumption of the enediol inter- 
mediate to explain the reaction at the lower temperature and proposed a 
mechanism shown in Fig. 2. 

Interest in the mechanism of this transformation is enhanced by the 
close analogy which it bears to the biochemical interconversion, 


phosphohexose isomerase 


Glucose-6-phosphate -. fructose-6-phosphate 


It was assumed that any additional information regarding the mechanism 
of the alkali-catalyzed reaction might have some bearing upon the enzyme- 
catalyzed reaction. 

On the basis of Bonhoeffer’s proposed mechanism (Fig. 2) it will be 
seen that hydrogen atoms initially bound to carbon atom 1 of glucose will 
migrate without dilution by solvent to carbon atom 2. To explore this 
possibility, 1-deuterioglucose was prepared by the Na-Hg reduction of 
y-gluconolactone in a medium of DO. The fact that this product was 
uniquely labeled in position 1 was demonstrated by the finding that all its 
deuterium was lost on oxidation to potassium gluconate. The behavior 
of 1-deuterioglucose incubated in saturated lime water at 35° and at 25° 
has been investigated. 
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Before final values could be assigned to the deuterium concentrations 
in the products formed from this glucose during incubation, it was neces- 
sary to determine the degree of exchange of carbon-bound deuterium 
which occurred incident to the preparation of the isolated derivatives. A 
sample of each derivative was therefore prepared from non-isotopic pre- 


0. DO. H__D 
‘C C-OD 
D20 
C-OD D-C-OD 4+ C-0 , etc 


R= 


Fic. 1. Equilibration of the hydrogen atoms bound to carbon atoms 1 and 2 with 
deuterium of the aqueous environment incident to enolization. 


 HO-C-H +0 —C-H 
H-C-OH + 0 =C H-C—O-+ 

R H _ H 
Glucose | 
H-C —O +C-OH H—C-OH O=C 
HO-C +0 C=0 HO-C-H 
R H R H 
| Fructose 
etc. 


R=-(CHOH)z—CH,OH 
Fic. 2. Mechanism proposed by Fredenhagen and Bonhoeffer 


cursors in a medium of D.O under conditions identical with those em- 
ployed in the actual experiments. After elimination of immediately ex- 
changeable deuterium from each product, the residual concentration of 
isotope was employed in the calculation of correction factors. No ex- 
change could be detected in the formation of potassium gluconate from 
glucose or in the synthesis of mannose phenylhydrazone (Table I). 
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Exchange was found to have occurred during glucosazone formation, 
whether from glucose, fructose, or mannose phenylhydrazone. On the 
basis of the mechanism of osazone formation proposed by Weygand (3), 
this exchange should have occurred in position 1. The absence of ex- 
change in position 2 in the formation of mannose phenylhydrazone would 
argue against the occurrence of exchange in the analogous position 3 dur- 
ing osazone formation. It is therefore assumed that the observed change 
is restricted to position 1. The extent of exchange during glucosazone 
formation varied with different precursors but showed a good correlation 
with the length of time of heating required for precipitation in each case 
(Table I). Correction factors were therefore calculated and applied on 
the assumption that labilization of hydrogen during osazone formation 


TABLE I 
Correction Data 


Time of | Concentra- | Concentra- 


heating tion of tion of 
Derivative isolated required wood deuterium in| Correction 
for initial deuterium deri . 
or initi in solvent rivative 
precipitation isolated 
atom per cont atom per cont 
Osazone from glucose.................. 16 25 0.15 +15* 
Mannose phenylhydrazone............. 10 0 0 
Osazone from mannose phenylhydra- | 
ct | 10 | O | 0 
Osazone from fructose................. | 1] | 18 0.08 +11 


* Sample calculation. With 22 H atoms of glucosazone, 
100 


1 — 22 (0.15/25) 


— 100 = 15 


had occurred exclusively at position 1. It may be pointed out that the 
conclusions of the present paper are not altered if all the correction factors 
are disregarded, in view of the fact that the succeeding argument is based 
on large differences in isotope concentration. 

In the specific case of fructose derived from glucose and isolated as glu- 
cosazone, the assumption has been made that the loss of hydrogen from 
position 1 during osazone formation is random and that consequently one- 
half of the deuterium in this position is eliminated (see the sample caleula- 
tion, foot-note to Table IT). 

The results of two experiments in which 1-deuterioglucose was incu- 
bated at 35° in saturated lime water are given in Table II. From the 
figures in the last column it will be seen that the mannose contained very 
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nearly half as much deuterium as did the glucose. From the finding of 
essentially the same deuterium concentration in mannose, whether iso- 
lated as the hydrazone or osazone, it can be concluded that there is no 
isotope bound to carbon atom 2. From this it is inferred that one-half 
of the deuterium initially bound to carbon atom 1 of glucose is retained 
on carbon 1 of mannose. The absence of isotope from position 2 of man- 
nose is in accord with the complete lack of an excess of deuterium in the 
potassium gluconate prepared from glucose recovered at the end of incu- 
bation. Since in this derivative only the hydrogen initially bound to 


TaBLe II 
Treatment of 1-Deuterioglucose with Saturated Lime Water at 35° 
‘i 
. Amount of 
Experi- Excess Excess dental 
atom | percent | | per con 
I Osazone from starting material 1.19 +15 1.37 (100) 
Phenylhydrazone from mannose 0.77 0 0.77 46 
K gluconate 0 | 0 0 0 
II , Osazone from starting material 1.33 : +15 1.53 (100) 
Phenylhydrazone from mannose —-0..82_ 0 0.82 44 
_ Osazone from mannose phenylhy- | 0.64 © +25 0.80 | 52 
drazone | | | 
gluconate 0 | 0 
_ Osazone from fructose 0.65 | +11 | 0.72 | 94* 
*Sample calculation, 
(0.72) (2) 
1.53 


carbon atom 1 has been eliminated, it is clear that direct migration of 
hydrogen from carbon atom | to any other carbon has not occurred. 

The osazone derived from fructose in Experiment II (Table IT) con- 
tained very nearly half the concentration of deuterium that was present 
in the osazone of the starting glucose. On the basis of the foregoing as- 
sumption it is concluded that the fructose formed contained essentially 
as much deuterium as did the precursor glucose. 

When the incubation was conducted at 25°, similar results were obtained 
(Table III). As in the 35° experiment, the fructose was calculated to 
contain virtually the same concentration of deuterium as was present 
in the starting glucose, and again the potassium gluconate was devoid of 
isotope. This latter finding is in contradiction to the implications of the 
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mechanism proposed by Bonhoeffer (Fig. 2) and suggested the advisability 
of a careful reinvestigation of his experimental approach. 

Accordingly non-isotopic glucose was incubated with a saturated solu- 
tion of Ca(OH): in 99.8 per cent D.O. The corrected deuterium concen- 
trations in the derivatives isolated in these experiments have been com- 


TABLE III 
Treatment of 1-Deuterioglucose with Saturated Lime Water at 25°; Experiment III 
Amount of 
Excess Excess 
Compound analyzed deuterium | Correction | deuterium or me dl 


atom per cent per cent atom per cenit per ceni 


Osazone from starting material...... 1.33 +15 1.53 (100) 

Osazone from fructose............... 0.69 +11 0.77 100 
TaBLe IV 


Treatment of Glucose with Saturated Solution of Ca(OD)2 in 99.8 Per Cent D2O at 35°; 
Experiment IV 


ted 
| Excess for No. of H 
‘deuter-| Cor- | deuter-| complete atoms per 
Compound analyzed ium |rection| excha molecule 
found atom from | _2ctually 
| C1 | 
atom per atom atom atom 
percent | cent \percent| per cent per cent 
K gluconate................. 2...) 0.79 0 | 0.79 9.10 0.087 
Osazone from fructose........... 4.85 11 | 5.38 2.27 4.54 1.68* 
- “glucose + fructose | 1.55 | 14 | 1.77 


* Sample calculation. From Experiments II and III it is apparent that at most 
1 of the 2 H atoms on C-1 of fructose could have arisen from the water; therefore, at 
least 5.88 — 2.27 = 3.11 atom per cent of D must reside elsewhere; whence a mini- 
mum of 100 (3.11/4.54) = 68 per cent of exchange at some other position has occurred, 
or a total of 1.68 H atoms has undergone exchange. 


pared with the values which would be expected in the event of complete 
exchange of hydrogen at position 1 and complete exchange at any other 
position. In the experiment conducted at 35° (Table IV) a small amount 
of deuterium was found in the potassium gluconate derived from glucose. 
That this isotope resided exclusively in position 2 is shown by the finding 
that it was completely lost when gluconate was degraded to arabonate. 
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It could be calculated that less than one-tenth of the hydrogen in position 
2 of glucose had undergone exchange during the incubation.' The fruc- 
tose, on the other hand, proved to be very rich in isotope, considerably 
richer than would have been anticipated had 1 atom of hydrogen on car- 


bon atom 1 undergone exchange. From the earlier experiments (Table — 


II) it was concluded that one of the hydrogen atoms in this position of 
fructose was derived in its entirety from the hydrogen initially in position 
1 of glucose. The extra deuterium found in the fructose in the present 
experiment must therefore reside at some position other than position 1. 
The most plausible explanation seems to be that of the 2 hydrogen atoms 
in position 1 of fructose, 1 is derived from hydrogen of the solvent and the 
other from hydrogen originally present in position 1 of glucose. In ad- 
dition it is suggested that the hydrogen bound to carbon atom 3 of fruc- 
tose has undergone exchange to the extent of 68 per cent. 


TABLE V 
Treatment of Glucose with Saturated Solution of Ca(OD)2 in 99.8 Per Cent D.O at 25°; 
Experiment V 
j Ex ted Ex ted 
Excess | No. of H 
Cor- |deuter- complete | COUPEE | atoms per 
Compound analyzed ium excha 1 molecule 
of 1 atom from | 
rected any other exchanged 
position 
atom per atom atom atom 
per cent | cent \percent| per cent per cent 
Osazone from fructose........... 4.30; 11 | 4.78 2.27 4.54 1.55 


The fructose isolated from the incubation mixture of non-isotopic glu- 
cose-D,0-Ca(OD),. at 25° (Table V) proved to be almost as rich in deute- 
rium as that in Experiment IV. In this instance it was inferred that in 
addition to the introduction of 1 atom of deuterium at position 1 approxi- 
mately 55 per cent of the hydrogen at some other position had undergone 
exchange. The discrepancy between these results and those of Freden- 
hagen and Bonhoeffer (2) cannot be fully accounted for, but it may be 
pointed out that their deuterium analyses were conducted on the entire 
residue of the incubation mixture rather than on pure compounds. 

From the experiments here reported it is concluded that there is no 
fundamental qualitative difference in mechanism between the reaction at 


1 Although not relevant to the main argument, the data obtained (Table IV) per- 
mit estimation of the concentration of deuterium in position 1 of glucose. If there 
is no deuterium in this position, then the percentage of fructose in the glucose- 
fructose mixture is given by (1.77 XK 100)/5.38 = 33. The agreement between this 
value and that given by Wolfrom and Lewis (7) indicates that there must be very 
little deuterium in position 1 of glucose. 
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25° and at 35°. The assumption of a A'-enediol intermediate would ap- 
pear to be fully justified at both temperatures. If the extra deuterium 
found in fructose formed from glucose in D,O should prove to reside in 
position 3, this would indicate the reversible formation of A?-enediol from 
fructose. 

In considering all the reactions studied, it must be stressed that, under 
the conditions employed, a true equilibrium is not achieved. The trans- 
formation under investigation has been shown to be first order with re- 
spect to [OH~] (4). In the course of the reaction, accumulating acidic 
by-products partially neutralize the small amount of Ca(OH): initially 
present in saturated lime water. This produces a quenching before com- 
plete equilibration has taken place. According to the scheme in Fig. 1, 
the repeated enolization and regeneration of aldo- and ketohexose would 
ultimately result in equilibration of all hydrogen bound to carbon at posi- 
tions 1 and 2 with hydrogen of the solvent. Clearly this did not occur in 
the present experiments. Indeed it would appear that approximately 
only one cycle had been completed at the time that the reaction 
quenched. Thus in Experiments II and III the fructose recovered still 
contained essentially all of the isotope initially present in position 1 of 
glucose. Since loss of isotope from this position can ensue only incident 
to enolization of fructose, it is concluded that very little of the fructose 
isolated had been regenerated from the enediol of fructose. Similarly, 
from the data in Experiment IV it is estimated that only about 9 per cent 
of the glucose present at the end of the experiment had been regenerated 
from enediol. 

Of greater interest is the finding that, whereas essentially 100 per cent 
of the hydrogen initially attached to carbon atom | of glucose is shown to 
be present in position 1 of fructose, only about 50 per cent of this hydro- 
gen is found in position 1 of mannose (Tables II and III). Had mannose 
arisen from the very same enediol which gave rise to fructose, it would 
necessarily, like fructose, have retained all of the hydrogen initially bound 
to carbon atom 1. The random loss from position 1 of fructose of 1 of the 
2 hydrogen atoms, incident to enolization, would be expected to yield a 
product 50 per cent as rich in deuterium as fructose. The approximate 
halving of the deuterium concentration incident to the formation of man- 
nose gives rise to the hypothesis that mannose is formed from fructose 
rather than from glucose directly. This hypothesis requires that there 
are two distinct A'-enediols, the one intervening between glucose and fruc- 
tose, the other between fructose and mannose, and that fructose is an 
obligatory intermediate between these two enediols. The difference be- 
tween these enediols is presumed to be one of geometric isomerism. 
Whereas this appears to be a novel idea in the sugar series, analogy for 
this assumption is found in the demonstrated occurrence of cis and trans 
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forms of stilbenediols (5). It will be noted (Fig. 3) that the trans-enediol 
is assigned a position between glucose and fructose, while the cis isomer is 
placed between fructose and mannose. ‘The rationale for this provisional 
assignment relates to the relative strengths of the three sugars as acids 
(6): glucose, K, 6.6 fructose, K, 8.8 mannose, Ky, 
10.9 107%, 

Assuming the enediol to be the major source of Ht ions in aqueous 
solutions of hexose and assuming that an analogy exists between the ene- 
diols and unsaturated dicarboxylic acids in which the cis configuration 
corresponds to the higher K’,, it is reasonable to suppose that mannose, 
being the stronger acid, is associated with cis-enediol. Glucose, a signifi- 
cantly weaker acid, would then be related to the trans-enediol, and fruc- 


R R R R R 
Trans- Cis- 
Glucose Fructose Mannose 


Fic. 3. Fructose as an obligatory intermediate in the interconversion of glu 
cose and mannose. 


tose, giving rise to both enediols, would be expected to lie midway be- 
tween the other two in acidic strength. 

In apparent contrast to the results of the present experiments are those 
of Wolfrom, Lewis, and Greene (7, 8) who have described an alkali-cat- 
alyzed equilibrium between 2 ,3 ,4 ,6-tetramethylglucose and 2 ,3 ,4,6-tetra- 
methylmannose. In this situation in which the intervention of a 2-keto- 
hexose is impossible, the final concentrations of the two methylated sugars 
were found to be identical. The apparent discrepancy between these re- 
sults and the present hypothesis (see Fig. 3) may be attributed to the 
greater opportunity in Lewis’ system for mutual direct interconversion of 
the two enediols resulting from the greater abundance of enediol in solu- 
tions of tetramethylhexoses (9). 

The concept that the interconversions glucose = fructose and 
fructose = mannose proceed over different and distinct pathways bears 
an interesting relationship to the situation of the 6-phosphohexoses and 
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their isomerases. The preparation of a phosphohexose isomerase, the ac- 
tivity of which is restricted to the reaction glucose-6-phosphate = fruc- 
tose-6-phosphate, has been described (10). The addition of a supplemen- 
tary enzyme derived from rabbit muscle was required in order to extend 
this activity to include mannose-6-phosphate (11). This suggests that in 
the enzyme-catalyzed system, as in the alkali-catalyzed reaction, two dis- 
tinct pathways exist relating the three sugars. 


EXPERIMENTAL 


Preparation of 1-Deuterioglucose—The method of Sperber et al. for the 
reduction of arabonolactone and galactonolactone (12) was adapted to the 
present isotope requirements. 5 gm. of y-gluconolactone, prepared from 
6-gluconolactone by the method of Isbell and Frush (13), were dissolved 
in 25 gm. of 99.8 per cent D2O in a 250 ml. 3-necked flask, fitted with a 
dropping funnel and a mechanical stirrer. While the temperature of the 
solution was maintained at 5-10°, 90 gm. of 2.5 per cent Na-Hg and 7 ml. 
of 85 per cent D;PQO, dissolved in 15 ml. of dry ether were added. The 
additions were made during the course of an hour in such a manner as to 
keep the pH between 3 and 4 (Congo red). Mercury was removed by 
filtration and the filtrate neutralized with solid CaCO;. After centrifuga- 
tion the supernatant was made slightly basic to phenolphthalein by the 
addition of 0.1 N sodium hydroxide in order to hydrolyze unreacted lactone, 
brought down to pH 6 by the addition of 28 per cent H;PQ,, and finally 
neutralized with solid CaCO;. After a second centrifugation the com- 
bined Ca3(PO,)2 residues were leached with 100 ml. of hot methanol, and 
this extract together with a solution of 8 gm. of non-isotopic glucose in 
1400 ml. of methanol was added to the 70 ml. of supernatant. <A small 
granular precipitate settled out after 12 hours; this was removed by fil- 
tration and the filtrate concentrated to a thick syrup in vacuo. After 
three successive additions and removals, in vacuo, of 100 ml. portions of 
water, the syrup was seeded with p-glucose and permitted to crystallize 
at 55° in the presence of 50 ml. of ethanol. The crude product was filtered 
by suction and washed with cold ethanol and ether. The glucose so ob- 
tained was recrystallized twice in the following manner. ‘The product was 
dissolved in hot water so as to make a 60 per cent solution. This was 
treated with neutral norit A and filtered, whereupon the filtrate was con- 
centrated to a thick syrup in vacuo. After being seeded with anhydrous 
glucose, the syrup was permitted to crystallize at 55° in the presence of 
50 ml. of ethanol. The crystalline material was collected on a Biichner 
funnel, washed with cold ethanol and ether, and then dried tn vacuo at 
65°. In two successive preparations the yields, based upon the isotope 
content of osazone derived from this material, were 64 and 67 per cent. 
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The reducing power of the glucose was 99.1 per cent of that of c.p. an- 
hydrous dextrose as determined by the method of Cajori (14), and melted 
at 142-146°. 

Alkaline Incubation—Saturated lime water, used first in a similar system 
by Wolfrom and Lewis (7), was employed as the alkaline incubation me- 
dium. Each solution was approximately 1 m with respect to glucose, and 
the initial pH in each case was adjusted to 10.6 by the addition of solid 
Ca(OH):. Xylene was used as an antiseptic agent. Data relating to the 
various experiments are presented in Table VI. Incubation was termi- 
nated when an optical rotation of 3° to 5° was obtained. 

At the end of the incubation period the solutions were brought to pH 7 
with a small amount of 1 m H2SQ,. In Experiments IV and V the neutral- 
ized solutions were evaporated to dryness tn vacuo and the immediately 


TABLE VI 
Alkaline Incubation 


The rotations at the beginning and end of each incubation were determined in a 
2 dm. tube at 5893 A and 25°. 


Experimental system Experiment | Initiala | Final @ | Duration of 
degrees degrees days 
1-Deuterioglucose, 35°................. I +16.16 | +2.75 7 
II +17.78 | +2.47 8 
III +17.81 | +4.85 19 
Glucose in 99.8% D0, 35°............. IV +17.92 | +3.16 6 
V +18.11 +4.91 18 


exchangeable deuterium present in the residue was washed out by repeated 
evaporation from added H,O. 


Isolations 


Osazone from Starting Glucose—This was prepared by heating, on the 
steam bath for 30 minutes, a solution containing 200 mg. of glucose, 200 
mg. of anhydrous sodium acetate, 0.5 ml. of phenylhydrazine, 0.7 ml. of 
glacial acetic acid, and 4 ml. of water. After filtration the product was 
washed with acetone and recrystallized from methanol three times; m.p. 
205° (decomposition). 

Mannose Phenylhydrazone—Mannose was isolated from the neutralized 
incubation systems in Experiments I and II by precipitation as the phenyl- 
hydrazone under conditions precluding glucosazone formation, viz. 5° (15). 
The compound was recrystallized from 95 per cent ethanol three times; 
m.p. 199—200° (decomposition). 
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Osazone from Mannose Phenylhydrazone—This conversion was effected 
by refluxing, for 30 minutes, a solution comprised of 200 mg. of mannose 
phenylhydrazone, 1.4 gm. of phenylhydrazine hydrochloride, 1 gm. of 
sodium acetate-3H.O, and 28 ml. of water. After filtration from hot 
solution the product was washed with acetone and recrystallized from 
methanol three times; m.p. 205° (decomposition). 

Potasstum Gluconate—After removal of mannose the system was brought 
up to pH 8 by the addition of 0.1 N sodium hydroxide and the excess 
phenylhydrazine was removed by ether extraction. The aqueous solution 
was then neutralized with 0.1 n hydrochloric acid and the aldohexose 
content determined by the method of Cajori (14). 

An aliquot of the filtrate from mannose phenylhydrazone precipitation 
was evaporated to dryness in vacuo, the residue taken up in methanol, 
the methanolic solution clarified by filtration, and the glucose present 
oxidized to potassium gluconate by the method of Link and Moore (16). 
The product was recrystallized from methanol three times; m.p. 180° 
(decomposition). 

Potassium Arabonate—The glucose present in a second aliquot of the 
filtrate was subjected to bromine oxidation according to Hudson and Isbell 
(17). Calcium gluconate, the oxidation product, was then degraded to 
arabinose by treatment with hydrogen peroxide (18). Finally, potassium 
arabonate was formed by the iodine oxidation of arabinose (16). The 
product was recrystallized from methanol three times; m.p. 213° (decom- 
position). 

Osazone from Fructose—To a third aliquot (containing 400 mg. of glu- 
cose) of the above filtrate, 200 mg. of uniformly labeled C'4-glucose (spe- 
cific activity, 1400 c.p.m. per milliatom of C) were added. The total 
glucose content was then oxidized with iodine. The filtrate obtained by 
removal of the potassium gluconate was immediately neutralized with 3 
N HCl and evaporated to dryness in vacuo. After the residue was taken 
up in water, a solution of phenylhydrazine hydrochloride and sodium 
acetate was added and the system heated on the steam bath for 12 minutes. 
The product was collected on a Biichner funnel, washed with acetone, and 
recrystallized from methanol three times. The complete absence of radio- 
activity in the osazone indicated that essentially none had been derived 
from glucose. Had as little as 1 per cent of this osazone arisen from 
glucose, the product would have exhibited detectable radioactivity. 

Evaluation of Corrections—To determine the extent of exchange of car- 
bon-bound hydrogen occurring during derivative formation, each deriva- 
tive was prepared from non-isotopic precursors in a medium of D.O under 
conditions identical with those described above. The relevant data are 
included in Table I. 
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SUMMARY 


The Lobry de Bruyn transformation has been studied with the aid of 
deuterium. The distribution of isotope in the products has been ascer- 
tained when the source of isotope was either 1-deuterioglucose or D,O. 

The present findings, in contrast to those of others, are in complete 
accord with the concept that the transformations proceed via enolization, 
both at 25° and at 35°. The results further indicate that the mannose 
which arises when glucose is treated with saturated lime water is derived 
exclusively from fructose. 

From this it is concluded that the transformation proceeds over two 
distinct steps: glucose = trans-enediol =— fructose and fructose — cis- 
enediol = mannose. The provisional assignments of trans- and cis-ene- 
diols in these two steps are based on the relative acidic strengths of the 
three hexoses. 

The possible relationship of these findings to the enzymic isomerizations 
of the phosphohexoses has been discussed. 
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Handler and Dann (1) suggested that nicotinamide is methylated in 
vivo by methionine and excreted in the urine as N'-methylnicotinamide 
(NMeN). Perlzweig, Bernheim, and Bernheim (2) demonstrated that 
NMeN is formed in vitro by rat liver slices. The amounts formed were 
quite small and the maintenance of aerobic conditions and of cellular 
integrity was essential; furthermore, the addition of methionine in vitro 
did not lead uniformly to an increased formation of NMeN. These 
findings have since been confirmed and extended by Ellinger (3), who, 
like the earlier investigators, failed to obtain methylation of nicotinamide 
in a cell-free extract of rat liver. The earliest observations pointing to the 
transfer of the methyl group of methionine to a suitable methyl acceptor 
in a cell-free system are those of Borsook and Dubnoff (4). These authors 
established that guinea pig liver homogenates supplemented with adenylic 
acid, an oxidizable substrate such as a-ketoglutaric acid, and oxygen 
formed creatine from guanidoacetic acid and L-methionine. 

In recent years it has become increasingly clear that the requirement 
for oxygen in synthetic reactions with tissue slices or homogenates is often 
related to the aerobic generation of energy-rich phosphate bonds.' In 
some cases it has actually been possible to eliminate the requirement for 
aerobiosis by demonstrating that adenosinetriphosphate (ATP) is utilized 
anaerobically as a source of energy for endergonic reactions (5-9). Since 
methionine is the methyl donor for the methylation of both nicotinamide 
and guanidoacetic acid, it was considered of interest to investigate the 


* First paper 1 of a series on enzymatic mechanisms in transmethylation. A 
preliminary report was presented before the meeting of the American Society of 
Biological Chemists at Atlantic City, April, 1950. 

Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), the Office of Naval Research, and the Rockefeller Foundation. 

t Fellow of the American Cancer Society on recommendation of the Committee 
on Growth of the National Research Council. Present address, Department of 
Pharmacology, School of Medicine, Western Reserve University, Cleveland, Ohio. 

'The symbol ~ ph will be used to designate the energy-rich phosphate bond in 
accordance with the usage introduced by Lipmann. 
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conditions required for the methylation of nicotinamide in cell-free prepa- 
rations. 

It has been found that a soluble enzyme system obtained from rat, pig, 
guinea pig, and dog liver catalyzes the formation of NMeN from me- 
thionine and nicotinamide in the presence of Mgt*+ and ATP. The pH 
optimum of the reaction is in the neighborhood of 7.4. The enzyme 
system reacts only with the L isomer of methionine. Betaine and di- 
methylthetin will not serve as methyl donors in the system, except when 
homocysteine is present. In the latter case methionine is probably the 
actual methyl donor. The enzyme system is specifie for nicotinamide; 
1.e., nicotinic acid is not methylated. The requirement for ATP can be 
satisfied by supplying it directly or by generating this compound from 
phosphoglyceric acid or phosphocreatine anaerobically in the presence of 
catalytic amounts of ATP. As is often the case with transphosphoryl- 
ating enzymes, Mg*+ was found to be an essential requirement of the 
system. In the presence of an adequate phosphate donor, the reaction 
proceeds equally well in the presence or the absence of oxygen.? The 
formation of NMeWN as one of the products of the enzymatic reaction has 
been demonstrated in three independent ways, based on (a) its conversion 
to a fluorescent product by treatment with methyl ethyl ketone and 
alkali, (b) its ultraviolet absorption spectruin, and (c) its enzymatic oxida- 
tion to 1-methyl-3-carboxylamide-6-pyridone. The nature of the other 
products of the reaction is not yet known. The enzyme system for which 
the name “nicotinamide methylkinase” is proposed has been partially 
purified. 


EXPERIMENTAL 


Enzyme Preparations—Preparations with nicotinamide methylkinase 
activity were obtained from the livers of adult male albino rats, pigs, 
guinea pigs, and dogs, the activity of the extracts from the different 
species decreasing in the same order. Horse, sheep, ox, rabbit, pigeon, 
and duck liver did not yield active preparations. Rats, guinea pigs, 
pigeons, and ducks were decapitated, bled, and the livers quickly removed. 
Dogs and rabbits were anesthetized with nembutal and the livers removed 
when the animals were still alive. In all cases the livers were quickly 
rinsed free of excess blood with cold buffer, weighed, and homogenized in 
a Waring blendor for 30 to 60 seconds with 3 volumes of cold 
buffer (sodium acetate 0.1 m, pH 5.60). Without delay the homogenate 


2 It is of interest to note that cyanide activates the nicotinamide methylkinase 
system. This effect is probably due to reduction of an —SH group. The rdéle of 
reducing agents and thiol compounds will be discussed in detail in the second paper 
of this series. 
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was centrifuged for 15 to 20 minutes at 18,000 r.p.m. in the cold. The 
small amount of fat which collected at the top was removed and the pH 
adjusted to 6.0 with 1.0 N acetic acid. The opalescent red extract was 
heated to 47° and kept at this temperature for 7 minutes. On the aver- 
age, 5 to 8 minutes were required to bring the ice-cold extract to 47°. 
The extract was then chilled and the precipitate removed by centrifu- 
gation at 3000 r.p.m. for 15 minutes at 0°. The clear supernatant, which 
will be referred to as crude extract, was used directly, after neutralization, 
or was treated further, as described below. The enzyme system from rat 
liver was found to be stable at neutral pH for a few hours at room tem- 
perature. In the ice box it lost all activity in 48 hours. When kept 
frozen at — 25°, the loss of activity was much slower; enzyme preparations 
have been kept under these conditions for a few weeks with little loss of 
activity. All of the forty or more preparations that were made from rat 
liver were active; different preparations formed between 40 and 150 y 
of NMeN per gm. of liver, wet weight, per hour. These figures compare 
favorably with the average figure of 27.3 ~ of NMeN per gm. per hour 
reported by Ellinger (3) for rat liver slices. 

The enzyme system from rat liver has been partially purified. In the 
experiments described below, two types of partially purified preparations 
were used. Preparation A was obtained by fractional precipitation with 
ammonium sulfate as follows: Ice-cold saturated ammonium sulfate was 
added to the crude extract to 38 per cent saturation. The mixture was 
kept at 0° for 10 minutes and the precipitate removed by centrifugation 
in the cold. The supernatant which contained most of the enzyme ac- 
tivity was brought to pH 7.5 with 1 N NaOH. Enough alkaline am- 
monium sulfate (containing 0.5 cc. of saturated NaOH in 100 cc. of 
saturated ammonium sulfate) was added to raise the concentration to 50 
per cent saturation. The precipitate was separated by centrifugation as 
described above and dissolved in a cold buffer solution. This fraction 
contained between 20 and 30 per cent of the total activity present in the 
starting material and between 10 and 20 per cent of the total protein 
(Table I). As an alternative procedure (Preparation B), the crude ex- 
tract was adsorbed fractionally at pH 6.0 on alumina Cy and eluted with 
0.1 m phosphate buffer at pH 6.8. In a typical experiment, 48 cc. of 
alumina Cy (prepared according to Willstaétter (10) and containing 10.9 
mg. of Al,O3 per cc.) were added at 0° with vigorous mechanical stirring 
to 120 cc. of crude extract. Stirring was continued for 15 minutes at 0°. 
The suspension was centrifuged in the cold room. The supernatant was 
treated for a second time with 48 cc. of alumina gel as above. After 
centrifugation, the supernatant was discarded and the two residues were 
treated separately; first they were washed with 50 cc. of cold water; next 
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they were eluted with 25 cc. of 0.1 mM phosphate buffer, pH 6.8 (Eluates 
la and 1b). The analytical results pertaining to this procedure are pre- 
sented in Table I. 

Other Enzyme Preparations—The rabbit muscle extract, used as a source 
of the glycolytic enzymes required for the transfer of the energy of the 
phosphate bond in phosphoglyceric acid, was the fraction of a dialyzed 
water extract of muscle which was precipitated by ammonium sulfate 
between 52 and 75 per cent saturation (11). The ammonium sulfate 


TaBLe I 
Preparation of Nicotinamide Methylkinase System from Rat Liver 


Units Protein ti 

ni rotein, activi 

Volume (total)* total mg. (units p er Yield 
mg. protein) 


Preparation A. Fractionation with ammonium sulfatet 


ce. per cent 

Acetate buffer extract............... 340 11,070 | 7690 1.44 100 
After heat treatment{............... 290 | 11,630 | 5520 2.11 105.5 
Ammonium sulfate ppt., 0-40% satu- 

5S 1,272 | 1080 1.17 11.45 
Ammonium sulfate ppt., 0-50% satu- | | 

Preparation B. Adsorption and elution from alumina Cy 

Acetate buffer extract§.............. 163 | 7,900! 5675 1.39 | 100 
After heat treatment{............... 151 7,150 | 4130 1.73 90.5 


*1l unit = 1 y of NMeN formed in 60 minutes at 38°. 
+ From livers of sixteen rats. 

t 7 minutes at 47°. 

§ From livers of twelve rats. 


paste was dissolved in 20 volumes of cold water and used as such, or 
after dialysis against water. Approximately 0.05 cc. per cc. of reaction 
mixture supplied an excess of the required enzymes. I am indebted to 
Dr. E. Racker for a gift of this enzyme preparation. The quinine- 
oxidizing enzyme of rabbit liver was kindly supplied by Dr. W. E. Knox, 
to whom my thanks are due also for many helpful suggestions in con- 
nection with experiments on the enzymatic oxidation of NMeN. Trypsin 
and chymotrypsin were crystalline preparations available commercially. 
Chemical Preparations—The barium salt of pi-3-phosphoglyceric acid 
was prepared synthetically according to Warburg and Christian (12). I 
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am greatly indebted to Dr. S. Ratner for a generous supply of a crystalline 
preparation of the acid barium salt of p-3-phosphoglyceric acid, prepared 
by the method of Neuberg and Lustig (13). The commercial preparations 
of ATP used (Armour, Schwarz, or Rohm and Haas) were found satis- 
factory. Occasionally, when used in large amounts (over 25 uM of easily 
hydrolyzable P per cc.), some blank fluorescence was observed. DL- 
Methionine and nicotinamide were obtained commercially. I am indebted 
to Dr. O. A. Bessey for a gift of the NMeN used in the experiments, to 
Dr. J. Stekol for a sample of pt-homocysteine, and to Dr. H. Waelsch for 
samples of methionine sulfoxide and ethionine. I should also like to 
thank Dr. A. D. Welch for a sample of dimethylthetin. 
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CC. OF ENZYME 


OF N' METHYLNICOTINAMIDE/ 


-- 


0 60 8180 240 
TIME, MINUTES 


Fic. 1. Nicotinamide methylkinase activity as a function of time. Conditions, 
L-methionine 0.01 mM; nicotinamide 0.01 m; MgCl>, 0.02 m; 3-phosphoglyceric acid 
(K salt) 0.02 m; ATP with 1.5 um easily hydrolyzable P per cc.; THAM buffer, 
pH 7.4, 0.025 m. Enzyme preparation, crude extract 0.25 cc. containing 7.2 mg. of 
protein; rabbit muscle fraction, 0.05 cc. containing 2.1 mg. of protein. 


Measurement of Enzyme Actinty—The reaction was carried out in small 
test-tubes. The chilled enzyme preparation was added to the reaction 
mixture at room temperature and the tubes were mixed and immersed in 
u water bath at 38°. Ordinarily the reaction was allowed to run for 60 
minutes; Fig. 1 illustrates its time course. The reaction was stopped by 
the addition of 2 volumes of either 7 per cent perchloric acid or 10 per cent 
trichloroacetic acid. NMeN was determined on 0.1 or 0.2 cc. aliquot of 
the protein-free centrifugate according to the procedure of Huff* (14). 
The results are expressed as micrograms of NMeN formed per cc. of 
enzyme preparation per hour. The composition of the reaction mixture 
used for the assay of enzyme activity, based on experiments described in 
the following paragraphs, was as indicated in the legend to Fig. 1 or in 
Table II. The requirement for the various components is shown in Table 
II. Nicotinamide methylkinase shows maximal activity when the pH of 


3 Methyl ethyl ketone was used in place of acetone, as suggested by Lowry and 
Bessey (personal communication). 
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the reaction mixture is 7.4. The rate falls off rather sharply on the acid 
side and more slowly on the alkaline side of this pH. Phosphate buffers 
and maleate buffers were found to be inhibitory; most of the experiments 
were carried out in glycylglycine or tris(hydroxymethyl)aminomethane 
(THAM) buffer at pH 7.4. The final concentration of buffer in the 
reaction mixture varied in different experiments between 0.015 and 0.03 
M. Ordinarily the volume of the reaction mixture was 1.0 cc., containing 
0.1 to 0.3 cc. of the enzyme preparation. 

Specificity—Of the methyl compounds investigated, only L-methionine 
was active as a methyl donor to nicotinamide. The Michaelis constant 
for L-methionine, as determined with enzyme Preparation A, was 


TaBLeE II 
Methylation of Nicotinamide by Rat Liver Enzyme Components of System 


0.15 cc. of enzyme Preparation A containing 4.06 mg. of protein and 0.05 cc. of 
muscle extract in a final volume of 1.0 cc. The complete system contained nico- 
tinamide 0.01 mM, pLt-methionine 0.01 m, Mg** 0.02 m, p-3-phosphoglycerate (K salt) 
0.017 m, ATP with 1.45 un of easily hydrolyzable P per cc., and glycylglycine buffer, 
pH 7.25, 0.02 m. (The concentrations are expressed as final in all the tables and 
figures.) Incubation time 60 minutes at 38°. The results are expressed as micro- 
grams of NMeN formed per cc. of enzyme preparation per hour. 


| NMeN formed 
per per cent of complete 
Y system 
“ ATP, no phosphoglycerate.................... 2.3 4.1 
methionine, no nicotinamide............ 2.3 4.1 


5.0 X 10-5. Fig. 2, A shows the effect of increasing concentrations of 
L- and pui-methionine on NMeN formation. It can be seen that the 
amounts formed at any one concentration of L-methionine were equal, 
within the limits of experimental error, to the amounts formed at twice 
that concentration of pL-methionine. p-Methionine, therefore, is inactive 
in this system. This finding is in agreement with the earlier observation 
of Borsook and Dubnoff (4) on the inability of p-methionine to act as a 
methyl donor in the synthesis of creatine. 

Betaine and dimethylthetin, when used alone, were not active as methyl 
donors. However, when these compounds were used in conjunction with 
pL-homocysteine, methylation of nicotinamide occurred readily (Table 
III). It may be noted that the amounts of the methylated derivative 
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formed under these conditions were somewhat smaller than those formed 
when methionine was used as a methyl donor. It appears, therefore, 
that methionine was formed in the system through methylation of homo- 
cysteine as proposed by Borsook and Dubnoff (15, 16), and that the 
newly formed methionine was utilized for the synthesis of nicotinamide. 
Choline could not serve as a methyl donor, in either the presence or the 


TaBLeE III 
Methylation of Nicotinamide by Various Compounds 
0.1 ce. of enzyme Preparation B containing 1.2 mg. of protein and 0.7 cc. of a re- 
action mixture containing MgCl2, 0.025 mM; nicotinamide, 0.00625 m; glycylglycine 
buffer, pH 7.4, 0.02 m; ATP with 19.6 um of labile P; and various additions as indi- 
cated. Incubation time 60 minutes at 37°. The results are expressed as micro- 
grams of NMeN formed per cc. of enzyme preparation per hour. 


Experiment Additions NMeN formed 
Y 

A .No additions 2.3 
| L-Methionine, 0.021 m 16.1 
_pL-Homocysteine, 0.005 4.7 

Betaine, 0.01 m 2.35 

Choline, 0.01 ‘ 2.35 
pLt-Homocysteine, 0.005 m and betaine, 0.01 m 14.2 
0.005 ‘* choline, 0.01 4.7 

B No additions None 

pL-Methionine, 0.01 m 14.75 
pL-Homocysteine, 0.0125 m 4.5 
Dimethylthetin, 0.01 m 4.5 
pL-Homocysteine, 0.0125 m and dimethylthetin, 13.0 

0.01 mM 

C No additions None 
pL-Methionine, 0.0125 m 22.5 
Methionine sulfoxide, 0.0125 m 3.1 
0.0125 and pL-methio- 23.4 

nine, 0.0125 m 

pL-Ethionine, 0.0125 m 2.2 
“ 0.0125 ‘‘ and pL-methionine, 0.0125 m 22.7 


absence of homocysteine. ‘This is in agreement with the results of recent 
experiments of Dubnoff (17) and of Muntz (18). Methionine sulfoxide 
Was investigated as a methyl donor because it has been claimed that this 
compound will function as a methyl donor to guanidoacetic acid even in 
the absence of oxygen or ATP (19). Under the conditions of the present 
experiments, however, it was found that methionine sulfoxide was not a 
methyl donor. This compound did not inhibit the formation of NMeN 
from methionine. Ethionine (a-amino-y-ethiolbutyric acid) was investi- 
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gated because, in view of the recent results of Stekol et al. (20), it was of 
interest to see whether the enzyme system could utilize this compound as 
an ethyl group donor. WN!'-Ethylnicotinamide formation can be followed 
with the usual technique since N'-ethylnicotinamide yields a fluorescent 
condensation product when treated with methyl ethyl ketone in the 
presence of alkali.‘ The experiment was negative; it is clear, therefore, 
that nicotinamide methylkinase will react only with methionine. It was 
also of interest to see whether ethionine as a structural analogue would 
inhibit the utilization of methionine in this reaction. This did not appear 
to be the case (Table IIT). 

The effect of increasing concentrations of nicotinamide, 2.e. the methyl 
acceptor, on NMeN formation is illustrated in Fig. 2, B. The half satura- 
tion concentration of nicotinamide was about 6 KX 10-'m. No formation 
of NMeN was detected when nicotinamide was replaced by nicotinic acid, 
either in the presence or in the absence of ammonia. This is in accord 
with the observations of Handler and Dann (1) and Unna (21). Guanido- 
acetic acid was not methylated by the nicotinamide methylkinase system. 

Requirement for Energy-Rich Phosphate—As shown in Table II, ~ 
phosphate is one of the requirements of the nicotinamide methylkinase 
system. In spite of the high ATPase activity of the preparations, it was 
found that ATP could be used directly. Fig. 2, C shows the relationship 
between ATP concentration and NMeN formation. The shape of the 
curve suggests that, at concentrations higher than 5 uM per cc., the avail- 
ability of ATP might be limited by the interference of inhibitory sub- 
stances either present in the ATP or formed from it. In order to 
overcome this difficulty, it was found advantageous to use phospho- 
glycerate in the presence of catalytic amounts of ATP as a source of 
~ ph. When phosphoglycerate was used, the liver enzyme had to be 
supplemented with a protein fraction obtained from an aqueous extract 
of rabbit muscle (11). This fraction was rich in phosphoglyceromutase, 
enolase, and phosphopyruvic transphosphorylase, which were either limit- 
ing or absent in the liver system. Under these conditions the rates of 
NMeN formation were higher than with concentrations of ATP which 
yielded the same amount of ~ ph (Fig. 2, C). The direct participation 
of ATP in the synthesis of NMeN from methionine and nicotinamide is 
indicated by the fact that, in the absence of catalytic amounts of ATP, 
no formation of NMeN was observed even in the presence of 15 um of 
phosphoglycerate. Another high energy phosphate compound that was 
used for the generation of the ATP required in the biosynthetic reaction 
is phosphocreatine (Fig. 2, C). In these experiments also the liver en- 


* Personal communication from Dr, V, A. Najjar, 
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zyme system was supplemented with the fraction from rabbit muscle, 
since it contains creatine kinase. 

The nicotinamide methylkinase system requires Mg*+; no NMeN was 
formed in the absence of added magnesium. Numerous earlier findings 
indicate that Mg** ions are generally needed in transphosphorylating 
systems. The requirement for Mgt* ions is rather high and it was neces- 
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kiGc. 2. Nicotinamide methylkinase activity as a function of the concentration 
(A) of L-methionine; (B) of nicotinamide; (C) of phosphate donor; (D) of Mg**. 
(A) Conditions: nicotinamide 0.005 m, MgCl. 0.025 m, THAM buffer, pH 7.4, 0.025 
uM, ATP with 26 um of easily hydrolyzable P per cc.; methionine as indicated; en- 
zyme Preparation A 0.23 ec. containing 4.6 mg. of protein. (B) Conditions as in 
(A), except that 0.01 m of pL-methionine was present; nicotinamide as indicated. 
(C) Conditions: L-methionine 0.01 mM, nicotinamide 0.01 m, MgCl. 0.02 m, THAM 
buffer, pH 7.4, 0.02 m, enzyme Preparation A 0.143 ce. containing 7.7 mg. of protein. 
O, ATP concentration expressed as micromoles of easily hydrolyzable P per cc.; 
@ phosphocreatine and @, 3-phosphoglyceric acid (K salt) concentration expressed 
as micromoles of P per ce.; in addition to phosphocreatine and phosphoglyceric 
acid, ATP with 1.45 uo of easily hydrolyzable P per ec. was added. (D) Conditions 
as in (A), except that 0.01 m of pL-methionine was present; Mg** as indicated. 


sary to raise the concentration of Mg**t ions to 0.02 m to approach maxi- 
mum activity (Fig. 2, D). The effect of Mg** is rather specific; Mn** 
has only a small effect and Co*+* and Zn** are inactive. 

Evidence for Formation of N-Methylnicotinamide—When NMeN is 
treated with dialkyl ketones in an alkaline medium at room temperature 
and is then heated in acid, a highly fluorescent condensation product is 
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formed (22). This reaction forms the basis of the method of Huff (14), 
which was found valuable for the quantitative estimation of NMeN 
formed enzymatically. However, the formation of a fluorescent conden- 
sation product is characteristic of N-substituted nicotinamide derivatives 
in general, and is in no way specific for methyl substitution. Therefore, 
additional evidence that NMeN is the product formed by the enzymatic 
reaction under investigation had to be obtained. The ultraviolet ab- 
sorption spectrum of nicotinamide differs sufficiently from that of NMeN 
(Fig. 3) for identification purposes. A reaction mixture was prepared 
containing L-methionine 0.0025 mM, nicotinamide 0.00025 M, p-3-phospho- 
glycerate 0.01 mM, MgCl, 0.02 m, ATP with 1.5 uM of easily hydrolyzable 
P, THAM buffer, pH 7.3, 0.015 M, enzyme Preparation A 0.6 cc. (con- 


NICOTINAMIDE 


HLORIDE 


0.6 
0.4 
\ 
NI AM 
02 COTINAMIDE 


0 L 1 1 
220 240 260 3 320-340 


WAVELENGTH (MICROMOLES) 
Fic. 3. Ultraviolet absorption spectra of nicotinamide (@) and N'-methyl- 


nicotinamide chloride (O). The concentration of both compounds was 2 X 10-‘ Mm, 
in water, at pH 7.0. 


taining 26 mg. of protein), and muscle fraction 0.05 cc.; final volume, 3 ce. 
A control without nicotinamide was also prepared. 0.5 cc. of each re- 
action mixture was removed at zero time and after incubation at 37° in 
an atmosphere of nitrogen’ for 4 hours, and deproteinized by addition of 
0.2 cc. of 25 per cent BaCls, 1.3 cc. of 5 per cent ZnSO,, and 0.65 ce. of 
saturated Ba(OH).. The mixture was shaken after each addition and 
allowed to stand at room temperature for a few minutes. The ZnSO,- 
Ba(OH), mixture was selected as a deproteinizing agent® because it largely 
removes adenine nucleotides, thus reducing or eliminating ultraviolet 
absorption of these compounds, which would otherwise interfere with the 
estimation of NMeN and nicotinamide. For the same reason, phospho- 


§ The incubation was carried out in the apparatus designed by Dubnoff for non- 
manometric studies. 
* Suggested by Dr. N. O. Kaplan. 
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glycerate in the presence of a suboptimal catalytic amount of ATP was 
used as a source of ~ phosphate. The absorption of the four samples 
was determined after filtration through No. 1 Whatman paper. The 
curves illustrated in Fig. 4, A were obtained by subtracting the values of 
the control samples from those of the corresponding experimental samples. 
It can be seen that there was a definite shift in maximum absorption from 
260 to 265 muy, as well as an increase in the optical density at 265. The 
amount of NMeN formed during incubation was determined fluorometri- 
cally on a second aliquot deproteinized with trichloroacetic acid as usual. 
A calculation based on the figure thus obtained indicated that, at the end 
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Fic. 4. A. Formation of N'-methylnicotinamide (NMeN) by nicotinamide 
methylkinase, as demonstrated by the appearance of the ultraviolet absorption 
spectrum of NMeN. For details, see the text. Curve 1, before incubation; Curve 
2, after incubation. B. Formation of 1-methyl-3-carboxylamide-6-pyridone by 
enzymatic oxidation of the nicotinamide methylation product. For details, see the 
text. Curve 1, before incubation; Curve 2, after incubation. 


of the experiment, the reaction mixture contained.59.7 y of nicotinamide 
and 44.7 y of NMeN. A mixture containing the pure compounds in the 
same proportions and after comparable dilution would have an optical 
density of 0.148 at 265 mu. This figure agrees quite closely with the 
observed value of 0.154. 

The above results suggest that NMeN is formed in the course of the 
reaction. However, since the changes observed were not large, it ap- 
peared desirable to demonstrate methylation of nicotinamide in still 
another way. It was possible to take advantage of the observation of 
Knox and Grossman (23) that NMeN is oxidized to the corresponding 
6-pyridone derivative by the quinine-oxidizing enzyme of rabbit liver. 
The 6-pyridone has a characteristic ultraviolet absorption spectrum. An 
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experiment was performed essentially as the one described above. The 
reaction mixture had the same composition and the same enzyme prepa- 
ration was used. After incubation in an atmosphere of nitrogen for 240 
minutes at 37°, the reaction mixtures were supplemented with 0.15 cc. of 
quinine-oxidizing enzyme (containing 43 units per cc.) (24) and the re- 
action was allowed to continue for 60 minutes in an atmosphere of oxygen. 
Appropriate samples were taken at 0, 240, and 300 minutes for the fluoro- 
metric determination of NMeN, and at 0 and 300 minutes for measure- 
ments of ultraviolet absorption spectrum. The absorption spectra 
obtained by subtracting the values of the controls (without nicotinamide) 
from the experimental samples are shown in Fig. 4, B. It can be seen 
that there is a very marked change in the absorption spectrum upon 
incubation; a comparison of Curve 2, Fig. 4, B, with Curve 2, Fig. 4, A, 
will indicate what fraction of this change can be ascribed to the addition 
of the quinine-oxidizing enzyme. It might be pointed out that Curve 2, 
Fig. 4, B, has the plateau between 280 and 300 my characteristic of the 
6-pyridone derivative of NMeN. In regard to the quantitative aspects, 
the results of the fluorometric determinations indicated that, in the ana- 
erobic phase of the experiment, 69.9 y of NMeN were formed. At the 
end of incubation with the quinine-oxidizing enzyme, the amount of 
NMeN had decreased to 9.8 y. It should be noted that the oxidation 
product of NMeN is not fluorescent under the conditions used to de- 
termine NMeN. The fluorometric data therefore indicated that as much 
as 54.6 y of the 6-pyridone derivative could have been formed by the 
action of the quinine-oxidizing enzyme. From the molecular extinction 
coefficient of the 6-pyridone derivative at 260 my (13,000) (23), it was 
caleulated that 78 y of it had been formed. This amount is somewhat 
larger than that estimated by the fluorometric data. However, in view 
of the shape of the time curve (Fig. 1), the discrepancy should be at- 
tributed, in part at least, to a continuation of the biosynthesis of NMeN, 
followed by its oxidation, during the 60 minutes incubation with the 
quinine-oxidizing enzyme. The results of the experiment prove con- 
clusively that NMeN is formed in the course of the experiment and is 
subsequently oxidized to 1-methyl-3-carboxylamide-6-pyridone. 

Stability of Enzyme System—The nicotinamide methylkinase system is 
rapidly destroyed by heating to temperatures above 50°. Exposure to 
acid (pH values lower than 5.5) leads, even in the cold, to flocculation and 
irreversible inactivation of the enzyme system. The preparation is more 
stable on the alkaline side of neutrality and little or no loss of activity 
occurs following incubation at pH 9.0 at room temperature for 60 minutes. 
Prolonged dialysis of the crude liver extract against phosphate or THAM 
buffers in both the presence and the absence of methionine and nicotin- 
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amide leads to a great loss in activity. Enzyme Preparation B is some- 
what more stable and can be dialyzed in the cold against 0.01 m phosphate 
buffer, pH 7.4, for 4 hours without loss of activity. ‘The system is inacti- 
vated by incubation with trypsin or chymotrypsin. The proteolytic 
inactivation was not diminished in the presence of methionine. 


DISCUSSION 


On the basis of the important contributions of Borsook and Dubnoff 
(4, 15, 16) and of du Vigneaud and his school (25, 26), reactions involving 
methyl group transfer can be divided into two different types. The 
difference lies both in the nature of the methyl donor and in the re- 
quirement for energy-rich phosphate. On the one hand there is a type 
which results in the methylation of homocysteine and which proceeds with- 
out the addition of ~ ph. The methyl group is supplied by com- 
pounds like betaine, dimethylthetin, and dimethylpropiothetin, whose 
molecules are characterized by the fact that the methyl radicals are at- 
tached directly to an onium pole (quaternary N or ternary 8). On the 
other hand, there are methylation reactions such as those involved in the 
biosynthesis of creatine and NMeN. It is characteristic of these reac- 
tions that L-methionine is the source of the methyl group, and that they 
require ~ ph supplied directly as ATP, or made available indirectly 
through the generation of ~ ph, by glycolysis or aerobic phosphoryla- 
tion. It is indeed possible that the formation of epinephrine (27) and 
of choline may be found to follow a similar course. In the absence of 
more precise information one can only speculate on the specific function 
of phosphate bond energy in these reactions; ~ ph could be required to sat- 
isfy the energy needs of these synthetic reactions; regardless of what the 
energy relationship may prove to be, intermediate phosphorylation of one 
of the substrates appears to be obligatory. In addition, it seems probable 
that ATP is utilized to activate the methyl radical in methionine, per- 
haps by bringing about the conversion of the amino acid to an onium 
compound. 


The author takes great pleasure in expressing his gratitude to Dr. 8S. P. 
Colowick and to Dr. 8. Ochoa for their stimulating interest and helpful 
advice. 


SUMMARY 
1. The methylation of nicotinamide in cell-free preparations of rat liver 
has been studied. 


2. Biosynthesis of N'-methylnicotinamide proceeds anaerobically from 
L-methionine and nicotinamide in the presence of Mg** and a source of 
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~ ph; adenosinetriphosphate and phosphoglycerate or phosphocreatine in 
the presence of catalytic amounts of adenosinetriphosphate can be utilized 
by the enzyme system to satisfy the requirements for energy-rich phos- 
phate. 

3. N}-Methylnicotinamide has been identified as a reaction product 
(a) by fluorometric determination, (b) by means of its ultraviolet ab- 
sorption spectrum, and (c) by its enzymatic oxidation to 1-methyl-3- 
carboxylamide-6-pyridone. 

4. The enzyme system, for which the name of nicotinamide methyl- 
kinase is suggested, has been partially purified. 
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Over the past two decades much interest has been focused on the inac- 
tivation of sulfhydryl enzymes by alkylating, mercaptide-forming, and 
oxidizing agents. While the general reaction of the first two groups of 
these reagents is well understood (1, 2), the mode of action of oxidizing 
agents on the —SH groups of proteins needs more complete elucidation. 
Thus, it has not been definitely established whether the oxidation of protein 
sulfhydryl] groups to the disulfide stage proceeds through an intramolecular 
or intermolecular reaction mechanism. 

Anson (3) mentioned that treatment of native egg albumin with I,, under 
conditions which would lead to the selective destruction of the —SH 
groups, did not change the sedimentation velocity rate of this protein. 
However, the data have not been published. More recently Fredericq 
et al. have studied various physicochemical properties of native myosin (4, 
5) and of egg albumin denatured by urea (6), before and after treatment 
with chloropicrin. The inability of this reagent to alter significantly the 
viscosity or double refraction of native myosin was interpreted to indicate 
that no appreciable change in shape had occurred (4, 5). Similarly, on 
the basis of viscosity, sedimentation, and diffusion rates, the size and 
shape of urea-denatured egg albumin were found to be unaffected by the 
action of chloropicrin (6). On the assumption that under their experi- 
mental conditions an oxidation of the ‘“‘free’” —SH groups to the disulfides 
was principally involved, Frederieq et al. concluded that the reaction was 
intramolecular in nature. However, since the action of chloropicrin on 
proteins or even on simple —SH compounds has not been satisfactorily 
elucidated, this conclusion is open to question. 

Thus, it appeared desirable to examine the problem of the mechanism 
of the oxidative inhibition of —SH enzymes with a reagent of known selec- 
tivity for the oxidation of protein sulfhydryls. o-Iodosobenzoate was 
chosen in view of the fact that the action of this reagent on various pro- 
teins at pH 7 has been shown to be one of oxidation of —SH groups to 


* Supported by the Elisabeth Severance Prentiss Fund of Western Reserve Uni- 
versity. 
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the disulfide form (7, 8). $-Amylase crystallized eight times, possessing a 
high degree of homogeneity (9) and known enzymatic properties, was se- 
lected for this work, in order to permit the study of interrelationships 
between enzymatic activity, —SH content, and molecular weight. In 
addition, the interaction of B-amylase with various reagents of recognized 
ability to inhibit sulfhydryl enzymes was studied. It is concluded that the 
oxidation of those —SH groups of B-amylase which are necessary for enzy- 
matic activity proceeds through an intramolecular reaction. 


EXPERIMENTAL 


Methods, Materials, and Apparatus—In all experiments reported here 
B-amylase, crystallized eight times, was used which was prepared from 
sweet potatoes by a slight modification (9) of the procedure of Balls et al. 
(10), and had an activity of 1150 B-amylase units per mg. of N (10). The 
activity of the enzyme was assayed by Schwimmer’s modification (11) of 
the determination of Kneen and Sandstedt (12). The titration of protein 
sulfhydryls with o-iodosobenzoic acid (Eastman), recrystallized three times, 
was performed under the conditions recommended by Hellerman et al. (13). 
A syringe type of micro burette was used in order to permit several deter- 
minations with the small amounts of protein available. Optical density 
was measured in a model DU Beckman quartz spectrophotometer. Unless 
otherwise specified, diffusion and sedimentation constants were determined 
by the methods, apparatus, and conditions previously reported (9). 

Effect of —SH Reagents on B-Amylase Activity—Although Weil and 
Caldwell (14) have shown that the 8-amylase of barley depends on intact 
—SH groups for full activity, it was necessary to ascertain the involvement 
of thiol groups in the activity of the sweet potato enzyme. Dilute solu- 
tions of the crystalline protein were incubated for 10 to 20 minutes with 
varying concentrations of established inhibitors of —SH enzymes at a pH 
close to neutrality. Subsequently, an appropriate aliquot was added to 
the acetate-starch mixture used in the determination of activity (11). In 
all of these experiments there was a strict proportionality between enzyme 
activity and protein concentration. Representative data are presented in 
Table I. It is seen that mercaptide-forming substances inhibited the 
enzyme at low concentrations, mercurials being the most effective. Among 
the oxidizing agents, ferricyanide alone was without effect in the concen- 
trations tested, whereas o-iodosobenzoate inhibited the enzyme only when 
present at concentrations of the order of 1 X 10-* m. As in the case of 
B-amylase from barley (14), a mixture of Cu+* and ferricyanide was more 
inhibitory than would be expected with either reagent alone. 

In order to substantiate further the necessity of intact —SH groups for 
the full activity of this enzyme, attempts were made to reverse the inhibi- 
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tion by p-chloromercuribenzoate. The data in Table IT show that delayed 
addition of glutathione (GSH) or of 1,2-dithiopropanol (BAL) partially 


TaB_Le I 
Inhibition of Sweet Potato B-Amylase by —SH Reagents 


Inhibitor Concentration | poor 
mg. per ml. M min. per cent 
0.0139 p-Chloromercuribenzoate 5 xX 10-7 10 38 
0.0139 1 10 62 
0.0139 5 X 10-8 10 91 
0.0139 1 10-5 10 97 
0.0132 AgNOs 1 xX 10-5 10 47 
0.0132 1 10-4 10 100 
0.0132 HgCl, 1 xX 10-5 10 100 
0.0115 0-lodosobenzoate 1 1073 20 27 
0.0115 2.5 X 1073 20 47 
0.0115 ns 5 X 10-3 20 75 
0.0115 “ 7X 10°3 20 91 
0.00382 K ferricyanide 1 X 10° 10 0 
0.00382 CuSO, 1 X 1073 10 52 
0.00382 K ferricyanide + CuSO, 1X 1073 10 81 


Buffer, 0.2 m sodium phosphate, pH 7.08, except for the o-iodosobenzoic acid 
reaction which was carried out at pH 7.81; temperature, 30°; reaction volume, 2.5 
ml. Subsequent assay according to Schwimmer (11). 


TaBLeE II 
Reactivations of Mercaptide-Inhibited B-Amylase 

Inhibiti Reactiva- 
Inhibitor vafter Reactivator | Concentration of tion after 
per cent M per cent 

p-Chloromercuribenzoate, 87 Glutathione 2.35 & 10-5 15 

1.18 X 10-5 m 

87 1.18 X 10-4 28 

87 2.35 10-4 50 

87 BAL 1.18 10-4 34 


The conditions were the same as in Table I. After 10 minutes incubation of the 
enzyme with the inhibitor, a concentrated solution of the reactivating agent was 
added and incubation was continued 10 minutes longer before removal of an aliquot 
for assay. We wish to thank Dr. EF. Bueding of the Department of Pharmacology 
for a sample of BAL. 


reversed the inhibition, but a fairly large excess of the thiol compounds was 
required. Thus a 20-fold excess of GSH over p-chloromercuribenzoate pro- 
duced about 50 per cent reactivation. On a molar basis BAL and GSH 
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were about equally effective. No evidence was found for increased ac- 
tivity of the controls in the presence of GSH or BAL. 

The great sensitivity of the enzyme to mercaptide-forming reagents and 
the partial reversal obtained by delayed addition of thiols leave little doubt 
that the B-amylase of sweet potatoes, like its counterpart in barley, re- 
quires intact —SH groups for full activity. Among the oxidizing agents 
tested, only o-iodosobenzoate was sufficiently inhibitory for use in the 
study of possible changes in molecular weight accompanying oxidation of 
the —SH groups of the enzyme. A study of the optimal conditions re- 
quired for the interaction of this reagent with the —SH groups of B-amy- 
lase was therefore undertaken as a necessary preliminary to the actual 
measurement of changes in molecular weight on oxidation. 

Extent of Inhibition of B-Amylase by o-Iodosobenzoate—The concentration 
of the oxidizing agent, pH, and the age of the enzyme preparation are three 
factors known to determine the extent of inhibition of B-amylase by 
o-iodosobenzoate. In addition to these, the time of incubation of the 
enzyme with the oxidizing agent might play a rdle, since Slater (15) has 
recently observed that the inhibition of succinic oxidase of heart muscle 
by o-iodosobenzoate increases with time. Since the reaction of B-amylase 
with o-iodosobenzoate was stopped after 20 minutes by diluting small 
aliquots of the enzyme with the large volume of the reaction mixture used 
in the assay, maximal inhibition may not have been reached (Table I). 
Prolonged incubation of the enzyme with o-iodosobenzoate was avoided in 
order to minimize secondary changes in the protein, which is known to be 
labile in dilute solutions. 

The effect of the concentration of the oxidizing agent has already been 
discussed. The effect of pH on the reaction of B-amylase with o-iodoso- 
benzoate was measured in the range of 7.0 to 7.8 in phosphate buffer 
under the conditions presented in Table I. (Below pH 7 the solubility of 
the oxidizing agent decreases markedly.) The inhibition was slightly 
greater at pH 7.8 than in the range of pH 7.0 to 7.4, and the results were 
considerably more reproducible at pH 7.8 than at pH 7.0. Thereafter 
oxidative inactivation of the native enzyme by o-iodosobenzoate was al- 
ways performed at pH 7.8. 

Lastly, aging of dilute solutions of B-amylase, as of succinoxidase prepa- 
rations (15), definitely alters the susceptibility of the enzyme to inhibition 
by the oxidizing agent. Table III demonstrates the effect on the sensi- 
tivity of the enzyme to o-iodosobenzoate caused by the aging of dialyzed 
B-amylase in dilute solutions at 4-7°. Aging 11 days in distilled water 
decreased the sensitivity of the enzyme to 2.5 K 10-* m o-iodosobenzoate 
considerably, while the inhibition by 1 K 10~-* m p-chloromercuribenzoate 
remained the same and very little decrease occurred in the activity of 
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the control. 


This observation emphasizes the importance of working with 
freshly diluted enzyme preparations, if maximal reproducibility of the 
o-iodosobenzoate effect is desired. A tentative explanation of this effect 
is presented in the “Discussion.” 

Specificity of Action of o-Iodosobenzoate on B-Amylase—At a pH close to 
neutrality cysteine is the only amino acid known to be oxidized by this 
reagent (13), and also in native (7, 15) and denatured (8) proteins its 
action appears to be specific for —SH groups when used under the condi- 
tions recommended by Hellerman et al. (7). 


TaBLeE III 
Effect of Aging on Inhibition of B-Amylase by —SH Reagents 
Activity Inhibition 
Aging 
Control treated te-treated treated 
: days units units units per cent per cent 
0 156 67 87 57 45 
1 149 101 33 
7 146 107 27 
11 145 61 110 58 24 


The activity is expressed as 8-amylase units per mg. of protein (10). The aging 
of the enzyme was performed in distilled water, at a protein concentration of 0.17 
mg. per ml. at 4-7°, starting immediately after dilution of a concentrated enzyme 
solution to the protein concentration stated. In the determination of the inhibi- 
tion the reaction mixture contained 0.014 mg. per ml. of protein in 0.2 m phosphate 
buffer, pH 7.8; total volume, 2.5 ml.; o-iodosobenzoate, 2.5 X 10-* m; p-chloromer- 
curibenzoate, 1 X 10-* m; temperature, 30°. After 10 minutes contact with the 
inhibitor a 1 ml. aliquot was added to 29 ml. of the assay mixture (10) and the ac- 
tivity was subsequently determined. 


The simplest demonstration that the inactivation of B-amylase by o- 
iodosobenzoate involves the selective oxidation of —-SH groups to the di- 
sulfide form would be reactivation of the enzyme by mild reducing agents 
following complete inhibition by o-iodosobenzoate. However, lavk of re- 
activation is not an indication that some protein group other than sulf- 
hydryl reacted with the oxidizing agent, since it is known that disulfide 
groups in proteins differ widely in their reactivity toward reducing agents 
(1). Indeed, there have been reports of difficulties encountered in the 
reactivation of established —SH enzymes following inhibition by o-iodoso- 
benzoate; e.g. succinic oxidase (15) and urease (7), treated with moderately 
concentrated solutions of this oxidizing agent were not readily reactivated 
by reducing agents. In such instances alternative methods must be em- 
ployed in establishing the site of the oxidation. 
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A similar situation was observed with B-amylase, when reactivation was 
attempted following treatment with o-iodosobenzoate at pH 7.8: a de- 
layed addition of 2 to 10 molar equivalents of either BAL, GSH, or HCN 
failed to reverse the inhibition significantly. The reducing agents were 
incubated with the enzyme for 10 to 20 minutes at pH 7.0 and 7.8 follow- 
ing oxidation by o-iodosobenzoate under the conditions outlined in Table 
I. The use of higher concentrations of the reducing agents was not 
feasible, inasmuch as they would have interfered with the assay of the 
enzyme (11). In one experiment the oxidized enzyme was precipitated by 
0.6 saturated (NH,4)2SO, and was then exhaustively dialyzed to remove the 
excess oxidizing agent, but attempts to reactivate it by 1 KX 10-* m GSH 
still failed (0.01 mg. per ml. of B-amylase, pH 7.0, 20 minutes incubation 
at 25°). This finding was not surprising in view of the demonstrated 
difficulties in completely reactivating 8-amylase following treatment with 
p-chloromercuribenzoate (Table II). 

Two lines of evidence indicate that the protein groups oxidized by 
o-iodosobenzoate in these experiments were indeed —SH groups rather 
than other amino acid residues. First, when native B-amylase is treated 
with o-iodosobenzoate until the inhibition of enzymatic activity is nearly 
complete, subsequent denaturation and titration of the total —SH con- 
tent indicate a significant diminution of the total —SH content. £- 
Amylase was treated with 5  10-* m iodosobenzoate for 20 minutes at 
25°, as described in the following section. A portion of the oxidized 
enzyme, dialyzed exhaustively against distilled water at 6°, was denatured 
by Duponol PC and the total —SH content was determined by o-iodoso- 
benzoate titration. The value obtained was 0.25 um of —SH per mg. of 
protein, as compared with 0.32 um per mg. of protein in the unoxidized 
enzyme after denaturation. These results are not claimed to have a high 
degree of accuracy in view of the limited amount of protein available. 
However, it is safe to conclude that an appreciable decrease in the total 
—SH content of the denatured protein had occurred as a result of treat- 
ment of the native protein with o-iodosobenzoate, and that almost complete 
inactivation of the enzyme results on oxidation of about 25 per cent of the 
total —SH groups present in the denatured enzyme. 

Second, other than the —SH group of cysteine, tyrosine is the only 
amino acid residue of those known to be present in B-amylase (10) which 
could conceivably be oxidized by o-iodosobenzoate under the conditions 
employed. Since light absorption at 280 my is a measure of the tyrosine 
content of B-amylase (10), absorption at 280 my of unoxidized and oxidized 
B-amylase was compared. After complete inhibition by o-iodosobenzoate, 
followed by precipitation with 0.6 saturated (NH,).SO, and exhaustive 
dialysis against distilled water, the optical density, D, at 280 my of a 1.0 
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per cent solution in a 1.0 cm. cell was found to be 17.05. ‘This is in close 
agreement with the value of 17.1 reported earlier for the untreated enzyme 
(9). This fact indicates that the protein residues which absorb at 280 
mu were not attacked by o-iodosobenzoate. (Similar considerations would 
rule out tryptophan, but this amino acid was not found to be present in 
crystalline B-amylase (10).) 

It may be concluded from these experiments and from the known effect 
of o-iodosobenzoate on other enzymes that the inhibition of 8-amylase by 
this oxidizing agent is the result of selective oxidation of certain sulfhydryl] 
groups to the disulfide form. 

Diffusion and Sedimentation Velocity Analyses of Oxidized B-Amylase—A 
sample of crystalline B-amylase was thoroughly dialyzed against cold dis- 
tilled water. - At the end of dialysis the protein concentration was 5.6 mg. 
per ml. 3 ml. of the enzyme solution were treated with 0.4 ml. of 1m 
phosphate buffer, pH 6.87, and 0.4 ml. of 5 X 10°? m o-iodosobenzoate! in 
a total volume of 4.0 ml. at 25°. The concentration of the oxidizing agent 
was then 5 X 10°* mu. After 20 minutes incubation the reaction mixture 
was chilled in ice, and a 0.05 ml. aliquot was removed. The rest of the 
reaction mixture was dialyzed against running distilled water for 18 hours 
at 6°, followed by several changes of 0.15 m NaCl in 0.01 m phosphate, 
pH 6.0, for 14 hours at 6°, in order to remove the unreacted o-iodosoben- 
zoate and to provide the medium for diffusion analysis. The aliquot which 
had been removed previously was used after suitable dilution for activity 
determination. It was ascertained that 91 per cent inhibition had occurred 
during the treatment with the oxidizing agent. At the end of dialysis 
another aliquot was found to be 95 per cent inhibited compared with the 
untreated control. The dialyzed enzyme at a concentration of 0.4 per 
cent was then used for determination of the diffusion constant. From 
the measurements taken during the first 24 hours, the diffusion con- 
stant was calculated to be Do = 6.16 K 10-7 cm.’ sec.*. This value 
agrees satisfactorily with the previously reported diffusion constant of the 
untreated (reduced) enzyme (Do = 5.77 X 107 em? see. (9)), in 
view of the probable error of a single determination by this method. 

After the experiment, the enzyme was adjusted to pH 3.81 and precipi- 
tated with 2 volumes of saturated (NH,).SO, (the pH of the (NH,).SO, 
was 3.72 at half saturation (9)). After centrifugation to concentrate the 
enzyme, it was redissolved in a small volume of the NaCl-phosphate buf- 
fer and was thoroughly dialyzed against the same buffer. Subsequent 
ultracentrifugal analysis revealed the presence of two components, one 
sedimenting with a velocity of 9.9 S and comprising 95 per cent of the 
total protein present, and a second, minor component migrating at a rate 


' The o-iodosobenzoic acid was dissolved in 1 equivalent of NaOH. 
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of 3.1 S and representing about 5 per cent of the protein. Photographs 
and pertinent data of the sedimentation velocity analysis are given in Fig. 
1. We reported previously (9) that the untreated (reduced) enzyme is 
homogeneous in the Tiselius apparatus and in the phase-solubility test, 
but shows two components in the ultracentrifuge: 8-amylase itself, present 
to the extent of about 97 per cent (Sx = 8.9 S) and a small impurity 
present to the extent of about 3 per cent (So = 3.58). The finding that 
the oxidized B-amylase preparation showed two components, similar with 
respect to relative concentrations and sedimentation constants, as does 
the unoxidized enzyme, strongly indicates that no dimerization or poly- 


Fic. 1. Philpot-Svensson photographs of the sedimentation analysis of 8-amylase 
after oxidation with o-iodosobenzoate. Reference lines have been trimmed from 
these pictures. The protein concentration was 1.0 per cent and the rotation speed 
was 59,780 r._p.m. The temperature was maintained at 26.6°. A 50° bar angle was 
used exclusively. The first exposure was taken 3 minutes after attaining full speed. 
Each of the five figures represents 4 minute periods; the last four photographs are 
spaced at 8, 12, 8, and 8 minute intervals, respectively. 


merization occurs on oxidation of the —SH groups of B-amylase by o0- 
iodosobenzoate. On the basis of the above data and the assumption of a 
partial specific volume of 0.749 for the average protein, the molecular 
weight of the oxidized enzyme is 158,000 + 10 per cent. The molecular 
weight of the reduced form of the enzyme was reported as 152,000 + 10 
per cent (9).? 

DISCUSSION 


The inactivation of B-amylase by low concentrations of reagents gen- 
erally recognized as selective for sulfhydryl groups (1, 2) and the demon- 


2 It should be pointed out that the turnover number of B-amylase given in the 
previous paper (9) is in terms of equivalents of ferricyanide-reducing substances 
liberated and not in terms of glycosidic linkages hydrolyzed, as erroneously re- 
ported. According to Dr. A. K. Balls (personal communication) in the analytical 
method used by us 1 mole of maltose is equivalent to about 9.4 equivalents of ferri- 
cyanide, on the average. Thus the turnover number, in terms of maltose units 
liberated or glycosidic linkages broken, would be about 250,000, 
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stration that the inhibition by mercurials is reversible warrant the conclu- 
sion that intact —SH groups are essential for the full activity of the 
8-amylase of sweet potatoes. This implies merely that destruction of cer- 
tain of the —SH groups of the enzyme (7.e., “essential”” —SH groups) 
is attended by complete loss of activity, but it is not safe to conclude 
from the data that the —-SH group per se is directly involved in the media- 
tion of the activity. 

The finding of an intramolecular mechanism for the oxidative inactiva- 
tion of B-amylase and the similar conclusions reached by Fredericq’s group 
and by Anson for egg albumin and myosin cannot be safely applied to 
all —SH proteins, since the reactivity of sulfhydryl groups in proteins 
shows extreme variations. It would be desirable to extend these obser- 
vations to homogeneous proteins, wherein the sulfhydryl groups are highly 
reactive. 

The fact that oxidative inactivation of B-amylase occurred by an intra- 
molecular mechanism might explain the gradual loss during aging of the 
susceptibility to enzymatic inhibition by an oxidizing agent, while retain- 
ing the sensitivity to enzymatic inhibition by a mercaptide-forming rea- 
gent. A prerequisite for intramolecular oxidation is the presence of two 
—SH groups in close proximity on the same protein molecule, while mer- 
captide formation requires only one —SH group. Possibly, during aging 
there is a gradual autoxidation, perhaps catalyzed by traces of cupric ion, 
of certain —SH groups which are not themselves essential for activity, 
but which are proximal to —SH groups required for activity. A gradual 
loss of the former might leave no other —SH group in the proximity of 
those which are required for enzymatic activity, thus eliminating the pos- 
sibility of inhibition by disulfide formation without affecting inhibition by 
mercaptide formation. 


We wish to thank Mrs. Betty F. Claus, Mrs. C. Coughlin, and Mr. My- 
ron O. Schilling for their generous assistance. 


SUMMARY 


1. Chemical alteration of the sulfhydryl groups of the @-amylase of 
sweet potatoes by specific reagents results in complete loss of enzymatic 
activity. When activity is 95 per cent inhibited as a result of o0-iodoso- 
benzoate treatment of the native enzyme, approximately 75 per cent of 
the total —SH content of the denatured protein is still titratable. 

2. Inactivation of the enzyme by specific oxidation of its sulfhydryl 
groups does not change the diffusion and the sedimentation velocity. 

3. It is concluded that oxidation of the essential —SH groups of £- 
amvlase to the disulfide form proceeds by an intramolecular mechanism. 
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THE REQUIREMENT FOR COENZYME A IN THE 
ENZYMATIC SYNTHESIS OF HIPPURIC ACID* 


By HUBERT CHANTRENNET 


(From the Laboratory of Physiological Chemistry, Unversity of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, September 15, 1950) 


Previous studies from this laboratory have shown that p-aminohippuric 
acid is formed from p-aminobenzoic acid and glycine by liver slices (1) 
and homogenates under aerobic conditions, or anaerobically with adeno- 
sinetriphosphate (ATP) as the source of energy (2, 3). Similar observa- 
tions on the synthesis of hippuric acid have been briefly reported (4). 

These studies suggested the formation of a high energy intermediate, 
the nature of which is still unknown. Among the different possibilities 
considered (5), the formation of an acyl phosphate appeared most prob- 
able. 

Unpublished work by R. W. McGilvery of this laboratory had shown 
that the synthesis of p-aminohippuric acid occurs in extracts of acetone 
powder of rat liver. It was found in the present study that the same ex- 
tracts also catalyze hippuric acid formation from benzoic acid plus glycine 
in the presence of ATP. This provided us with a more suitable system 
for the study of the mechanism of the reaction. 

The experiments reported in the present paper show that benzoyl phos- 
phate is not the high energy intermediate in hippuric acid synthesis, and 
further that coenzyme A is required for the condensation of benzoic acid 
with glycine. 


EXPERIMENTAL 

Enzyme Preparations—-Homogenates of rat liver in isotonic KCI solution 
were centrifuged for 15 minutes at 2000 X g and the supernatant discarded. 
The residue was washed twice with the KCl solution and then suspended 
in 10 volumes of ice-cold acetone. The resulting precipitate was washed 
twice with acetone, rapidly dried in air, and stored in a desiccator at 0°. 

1 gm. of the acetone powder was suspended in 5 ml. of 0.02 m K;,HPO, 
solution and kept at room temperature for 10 minutes, after which the 
suspension was centrifuged at 10,000 * g for 10 minutes. The residue 
was then reextracted for 10 minutes with 5 ml. of the phosphate solution 
and again centrifuged. The pooled extracts were used as the “crude en- 

* Aided in part by a grant from the American Cancer Society. 

+t Fellow of the Rockefeller Foundation. 
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zyme solution.” The resulting solution is a clear red and can be kept in 
the frozen state for at least 2 weeks without much loss of activity. 

Dowez-Treated Enzyme. Preparationof Dowex—The anion exchange resin 
Dowex-1, 100 to 200 mesh grade, was treated with n HCl solution and 
then washed thoroughly with water until no acid was released. The 
resin was then filtered, dried with the filter paper, and kept in a semidry 
state. 

Treatment of Enzyme—5 ml. of the crude enzyme solution were passed 
slowly (20 drops per minute) through a 5 X 60 mm. column of Dowex-l, 


TaBLe 
Accuracy of Hippuric Acid Determination 


Hippuric acid added Glycine added : Hippuric acid found | Per cent recovery 

BM uM MM | 

0.05 0 0.051 | 102 
0.10 0 0.093 | 93 
0.15 0 0.140 | 93 
0.20 0 0.186 | 93 
0.25 | 224 | 90 
0.25 0 0.236 95 
0.50 0 0.496 | 99 
0.50 0 0.475 | 95 
0.75 0 0.650 87 
0.75 0 0.660 88 
1.00 ) | 0.845 | 84 
1.00 0 | 0.843 | 84 
0.05 10 | 0.050 | 100 
0.10 | 10 : 0.095 95 
0.15 10 0.146 97 
(0.20 | 10 (). 188 94 
(0.25 10 | (). 247 99 


prepared as indicated above. Very little pH change occurred during this 
treatment. The treated solution had the same appearance as the un- 
treated enzyme, but its absorption at 260 my was reduced by about 30 
per cent and its dry weight by about 3 per cent. 

Determination of Hippuric Acid—O.2 ml. of 10 N sulfuric acid was added 
to 1 ml. of the incubation mixture. The acidified mixture containing 
flocculated proteins was shaken for 2 minutes with 2.5 ml. of a mixture of 
1 volume of n-butanol and 5 volumes of chloroform. After centrifugation, 
the proteins formed a thin compact layer between the organic and the 
aqueous phase. The organic (heavy) phase was collected in a dry test- 
tube and the extraction of the aqueous phase was repeated twice. The 
pooled extracts were filtered through a small filter paper, which was then 
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washed with 2 ml. of the extraction fluid. This filtration is essential for 
removing droplets of aqueous phase from the extracts. 

The filtered extract was evaporated to dryness and the residue hy- 
drolyzed for 3 hours at 100° in 2 ml. of 2 nN KOH solution. After hy- 
drolysis, 1 drop of 0.1 per cent brom-cresol purple solution was added and 
the pH of the solution adjusted to 5 to 6 with 10 wn sulfuric acid and n 
NaOH solutions. The glycine liberated from hippuric acid by hydrolysis 
was determined according to Alexander et al. (6). 

It can be seen from Table I that the recovery amounts to 94 + 5 per 
cent up to a concentration of 0.5 um of hippuric acid in the original mix- 
ture. At higher concentrations, the recovery is lower, going down to 
84 per cent at 1 um per ml. In all the experiments reported in this paper, 
the amounts of hippuric acid determined were less than 0.25 um. It 
should also be noted from Table I that the presence of 10 um of glycine 
in the original mixture does not interfere with the determination. 

Substrates—Adenosine triphosphate was purchased from the Sigma 
Chemical Company. The Coenzyme A preparations used in this investi- 
gation were gifts of F. Lipmann. 

Benzoyl phosphate was synthesized according to a method described 
previously (7) and was tested for the absence of dibenzoyl phosphate by 
checking its stability in the presence of glycine. 


Results 


Formation of Hippuric Acid tn Acetone Powder Extracts—Crude extracts 
of rat liver acetone powder were incubated at 37°, pH 7.5, with glycine, 
benzoic acid, ATP, cysteine, and Mg** and K* ions. Hippuric acid was 
then determined after varying periods of incubation. The amount of 
hippuric acid synthesized was proportional to the time of incubation up 
to 2 hours (Table II). 

The dependence of the reaction on the presence of glycine, benzoic 
acid, and ATP as well as the favorable effect of cysteine is shown in Table 
III. 

Assay of Benzoyl Phosphate As Intermediate—As discussed in previous 
publications (2-5, 7), the ATP requirement of the synthesis suggests the 
formation of some high energy phosphorylated intermediate. Benzoyl 
phosphate appeared to be the most likely compound. 

An attempt was made to substitute benzoyl phosphate for benzoic acid 
plus ATP. The results of such an experiment are reported in Table IV, 
the data in which show that no hippuric acid is formed from glycine plus 
benzoyl phosphate. This is not due to inactivation of the enzyme system 
by benzoyl phosphate, since the enzyme is still able to catalyze the forma- 
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TaB_Le II 
Rate of Hippuric Acid Synthesis 
Substrate concentrations (final), glycine 0.01 mM, benzoic acid 0.0025 m, ATP 
0.006 m, MgSO, 0.0008 m, cysteine 0.005 mM, potassium phosphate 0.02 m, pH 7.5. 
Crude extract of rat liver acetone powder, 10 mg., dry weight, per ml. of incubation 
mixture. Final volume, 1 ml.; incubation in small test-tubes at 37°. 


Incubation time Hippuric acid formed 
hrs. bes uM 
0 0.01 
1 0.09 
2 0.17 
3 0.21 
III 


Effect of Substrates and Other Factors on Hippuric Acid Synthesis 


Substrate concentrations (final), potassium phosphate, pH 7.5, 0.02 m, MgSO, 
0.0008 m. Crude extract of rat liver acetone powder, 9 mg., dry weight, per ml. of 
incubation mixture. Final volume, 1 ml.; temperature, 37°; incubation time, 2 
hours. 


Benzoic acid Glycine | ATP 
(0.0025 m) (0.01 m) (0.008 a) 


Cysteine Hippuric acid 
(0.005 m) ormed 


+++) 
| 
=) 
= 


TaBLeE IV 
Effect of Benzoyl Phosphate on Hippuric Acid Synthesis 


Substrate concentrations (final), glycine 0.01 m, MgSO, 0.0008 m, cysteine 0.005 
M, potassium phosphate, pH 7.5, 0.02 m. Temperature, 37°; incubation time, 3 
hours; total volume, 1 ml. 


Benzoic acid ATP Enzyme Hippuric acid 
(0.0025 at) (0.005 x) Benzoyl phosphate (9 mg.) “Tomet 


++ 


| 
| 0 | 
| 2.5 
in | 2.5 | 
| 5.0 | 
| 95 | | 
| 5.0 | | 0.03 
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tion of hippuric acid from glycine and benzoic acid plus ATP in the pres- 
ence of benzoyl phosphate. 

It appears that benzoyl phosphate is unable to replace benzoic acid 
plus ATP for the synthesis of hippuric acid. This makes it highly im- 
probable that benzoyl phosphate is the high energy intermediate in- 
volved. | 

Inactivation of Enzyme System by Dowex-1 and Reactivation by Coenzyme 
A Preparation—The crude enzyme preparation was treated with Dowex-1 
and assayed for hippuric acid synthesis. The Dowex treatment reduces 
the activity of the enzyme to a level 15 to 25 per cent of that of the un- 
treated enzyme (Table V and Fig. 1). 


TaBLe V 
Inactivation of Enzyme System by Dower and Reactivation by Coenzyme A 
Substrate concentrations (final), glycine 0.01 mM, benzoic acid 0.0025 m, ATP 
0.006 MgSO, 0.0008 m, cysteine 0.005 potassium phosphate, 7.5, 0.02 
Total volume, 1 ml.; temperature, 37°; incubation time, 2.5 hours. 


Crude | Hippuric acid formed 
| | 0.08 
+ | _ + | 0.13 
| | | 0.02 
| | +. | 0.12 


— 


It has been observed (8, 9) that Dowex-1 binds coenzyme A very 
strongly and thus inactivates coenzyme A-dependent enzyme systems. 
The activity, however, was restored by adding coenzyme A. In view of 
these observations, the Dowex-treated enzyme was supplemented with a 
coenzyme A preparation which resulted in a reactivation of the enzyme 
(Table V). The extent of reactivation depends within certain limits on 
the amount of coenzyme A preparation added (Fig. 1). 

Since the coenzyme A preparation used was not pure, the question 
arose as to whether the active substance was in fact coenzyme A. Since 
pure coenzyme A is not as yet available, it was decided to test the activity 
of different preparations in hippuric acid synthesis, and to compare this 
with their known coenzyme A content. Three preparations of coenzyme 
A were made available by Dr. F. Lipmann; one had been prepared from 
hog liver and had a coenzyme A content of 30 units per mg. as determined 
by acetylation reactions. (1 unit equals the quantity of the preparation 
required for bringing about half activation of the system of acetylation of 
sulfanilamide, as described by Kaplan and Lipmann (10).) The other 
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two had been prepared from a mold and contained 100 and 177 units 
each of coenzyme A per mg. The ratios of coenzyme A content of the 
three preparations were thus 1:3.3:6. } 

The amount of hippuric acid formed in 150 minutes by the same 
Dowex-treated enzyme, in the presence of three different levels of each of 


0.10F 
[=) 
= 0.06 
2 ‘ 
a 
0.04} © LIVER COENZYME A,30 UNITS/AG. 
= 
. MOLD COENZYME A,100 UNITS/MG,. 4 
0.02 A MOLD COENZYME A,177 UNITS/AG, 
4 
4 
10 20 30 40 


UNITS COENZYME A 


Fic. 1. Effect of coenzyme A concentration on hippuric acid synthesis. Sub- 
strate concentrations (final), glycine 0.01 m, benzoic acid 0.0025 m, cysteine 0.005 m, 
ATP 0.007 m, MgSO, 0.0008 m, potassium phosphate, pH 7.5, 0.02 m. 9 mg. (dry 
weight) of Dowex-treated enzyme per ml. of incubation mixture. Final volume, 
1 ml.; temperature, 37°; incubation time, 2.5 hours. 


the coenzyme A preparations, is shown in Fig. 1. It can be seen clearly 
that the activity for hippuric acid synthesis of the three preparations 
follows their coenzyme A content. 

In view of the fact that the degree of purity and the origin of the three 
preparations are very different, it appears improbable that the activity 
observed is due to some impurity contained in the preparations, and one 
is led to the conclusion that the factor removed by Dowex-1 and required 
for the synthesis of hippuric acid is coenzyme A itself. 
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DISCUSSION 


_ To date, coenzyme A has been found to play a part only in reactions 
involving the “active 2-carbon unit.” There is no indication that this 
unit participates in hippuric acid synthesis. It appears thus that the 
function of coenzyme A is not limited to acetylation reactions and one is 
led to speculate as to whether it is also involved more generally in other 
condensation reactions involving a carboxyl group. 

By analogy with the present views on the mechanism of action of co- 
enzyme A in acetylations (8, 9, 11) it is possible that the high energy 
intermediate involved in hippuric acid synthesis is a coenzyme A com- 
pound. 


The author wishes to thank Dr. P. P. Cohen for his interest in this 
research, his helpful suggestions, and for the facilities of his laboratory. 
Thanks are due to Dr. F. Lipmann for different samples of coenzyme A. 


SUMMARY 


1. Hippuric acid is formed from glycine, benzoic acid, and ATP in 
extracts of rat liver acetone powder. 


2. Benzoyl phosphate cannot be substituted for benzoic acid plus ATP 
in these preparations. 

3. The enzyme system is inactivated when treated by Dowex-l; the 
inactivated enzyme is reactivated by coenzyme A. 
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SYNTHESIS OF ENANTIOMERIC a-PHOSPHATIDIC ACIDS 


By ERICH BAER 


(From the Banting and Best Department of Medical Research, Banting Institute, 
University of Toronto, Toronto, Canada) 


(Received for publication, October 18, 1950) 


Chibnall and Channon, investigating the cytoplasma of cabbage and 
spinach leaves (1), isolated a mixture of substances which resembled mono- 
phosphatides in their structure and composition, but were virtually free 
of nitrogenous bases. The main constituents were identified as the cal- 
cium, magnesium, and potassium salts of phosphoric acid esters of diglyc- 
erides. These compounds, constituting a new class of phosphatides, were 
named phosphatidic acids. Their fatty acid content differed from that of 
the lecithins and cephalins in that the greater part of the acids consisted of 
linolic and linolenic acids, whereas palmitic acid and stearic acid were only 
minor constituents. More recently phosphatidic acids have been found 
also in wheat germ (2) and in tubercle bacilli (3-6). 

Doubts have been expressed as to the origin of the phosphatidic acids 
in the cytoplasm. Whereas Channon and Chibnall were inclined to be- 
lieve that these substances are intermediate compounds in the metabolism 
of lecithins and cephalins, Levene and Komatsu expressed the view that 
they are formed after death of the tissue. The recent discovery by Hana- 
han and Chaikoff (7) of a phospholipide-splitting enzyme in fresh cabbage 
leaves, which is capable of attacking the nitrogenous base-phosphoric 
ester linkage, however, seems to add considerable weight to the conten- 
tion of Channon and Chibnall. 

As has been discussed more fully elsewhere (8-11) an asymmetrically 
substituted triglyceride can be assigned to either one of the two optical 
series. Hence in the specific case of a-phosphatidie acids any particular 
member can be considered as a derivative of either its diglyceride or of its 
glycerophosphoric acid (GPA) moiety and thus can be assigned to either 
the D or L series respectively. Since in every a-phosphatidic acid the glye- 
erophosphoric acid is the same and its stereochemical relationship to glyc- 
eraldehyde has already been established (12), it is proposed as the stereo- 
chemical reference compound. ‘Thus arbitrarily, but in conformity with 
the usage in the a-lecithin (8-10) and a-cephalin (13) series, an a-phospha- 
tidic acid is assigned the L configuration if it contains L-a-GPA and vice 
versa. 

The synthesis of the racemic forms of fully saturated a-phosphatidic 
acids has been reported by a number of investigators (14-21). In all 
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instances the starting material or the method of synthesis was not wholly 
satisfactory and, as a result, products of questionable identity were 
obtained. 

This paper presents a method for the synthesis of both the racemic and 
enantiomeric forms of fully saturated a-phosphatidic acids. The sequence 
of reactions is such that the asymmetry of the substituted glycerol mole- 
cule is maintained throughout, whereby the optical purity of the phos- 
phatidic acids is assured. The synthesis is as follows (see the reac- 
tion scheme): The D or L isomer of a fully saturated a,8-diglyceride (A), 
prepared according to the method of Sowden and Fischer (9, 22) is phos- 
phorylated by means of diphenylphosphoryl chloride in the presence of 
pyridine, and the reaction product (B) is freed from its phenyl groups by 
catalytic hydrogenolysis. The desired phosphatidic acid (C) is obtained 
in analytically pure state in over-all yields ranging from 75 to 82 per cent. 
The configuration of the phosphatidic acid is determined by that of the 
starting material. Thus the phosphorylation of a p-, L-, or DL-a,6-di- 
glyceride yields a L-, D-, or pL-phosphatidic acid, respectively. 


Reaction Scheme 


H.C—OOC-R H.C—OOC-R 
| pyridine 
H:C—OH 
| (B) 
(A) 
a,8-Diglyceride 
R = H,.C—OOC-R 
—C,sHa CHOOC-R 
He H,C—OPO;H: 
(C) 
a-Phosphatidic acid 
(1) (1) L- 
(2) a,B-diglyceride —> (2) a-phosphatidic acid 
(3) (3) pDL- 
(A) (C) 


From previous investigations in this laboratory it was known that the 
following biologically occurring substances, namely a-GPA (12), a-glyceryl- 
phosphorylcholine (8, 23), and distearoyl- and dipalmitoyl-a-lecithin' (9, 


1 So far these are the only two lecithins isolated in pure state from natural sources. 
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10) are members of the L series. It seemed reasonable therefore to assume 
that the biologically occurring a-phosphatidic acids would belong to the 
same series. For this reason the L-phosphatidic acids have been given 
first consideration from the standpoint of synthesis. The present report 
describes the synthesis of the distearoyl-, dipalmitoyl-, and dimyristoyl-L- 
a-glycerophosphoric acids and the preparation of their choline and ethanol- 
amine salts. With the exception of the a-lysolecithins,? a-lysocephalins,? 
and L-a-glycerylphosphorylethanolamine, all the intermediate compounds 
which conceivably might occur in the biological synthesis and degradation 
of the fully saturated L-a-distearoyl-, dipalmitoyl-, or dimyristoyllecithin 
and the corresponding cephalins have now been synthesised (8, 10, 12, 22, 
24) in pure state. The synthesis of L-a-glycerylphosphorylethanolamine — 
is in progress in this laboratory. 

The author has long been attracted by the hypothesis that L-a-glycero- 
phosphoric acid is a possible precursor in the biosynthesis of the a-phospho- 
lipides and-is supplied via the carbohydrate cycle, where it is presumably 
formed by the enzymatic asymmetric reduction of the dihydroxyacetone 
phosphate (12). This idea has received considerable support as work pro- 
gressed, since the L-a-lecithins and all of their intermediates so far studied 
have constitutional and configurational relationships consistent with this 
hypothesis. 


EXPERIMENTAL 


Distearoyl-L-a-glycerophosphoric Acid Diphenyl Ester (1)—A solution of 
12.5 gm. (0.02 mole) of p-a,8-distearin (m.p. 75-76°, [a], = —2.7° (22)) 
in 125 ml. of dry pyridine was mixed with a solution of 5.92 gm. (0.022 
mole) of diphenylphosphoryl chloride (25) in 30 ml. of dry pyridine, and 
the mixture, protected from moisture, was kept at 30° for 18 hours. 1 
hour before the end of this period 2 ml. of water were added to destroy the 
excess of diphenylphosphory] chloride. The reaction product was precip- 
itated by the gradual addition of 100 gm. of chopped ice, followed by 650 
ml. of ice-cold water. After standing in ice for 2 hours, the coarse material 
was filtered with suction, washed on the filter thoroughly with water, and 
dried in vacuo over phosphorus pentoxide to constant weight. The crude 
phosphatidic acid diphenyl ester, weighing 17.4 gm., was dissolved in 370 
ml. of warm (30°) petroleum ether (b.p. 35-60°) and, after addition of a 
small amount of Hyflo Super-Cel, filtered while still warm. The filtrate 
was brought to dryness under diminished pressure and the residue freed 
in vacuo (0.005 mm.) from solvent and traces of pyridine. The yield of 
almost pure distearoyl L-a-glycerophosphoric acid diphenyl] ester*® (I) was 

2q indicates the position of the phosphoric acid. 

* The substance is pure enough at this stage for further processing. 
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16.1 gm. (94 per cent); m.p. 52-53°; [a], = +1.96° in anhydrous and eth- 
anol-free chloroform!’ 10.2). 

For further purification the substance (1.0 gm.) was triturated with ethyl 
acetate (15 ml.) at 22° and the solution, after being freed from a small 
amount of insoluble material, was centrifuged at 0° for $ hour. The solid 
was dried in vacuo (0.002 mm.) to constant weight. Recovery was 90 per 
cent of compound J. The substance started to sinter at 49.5°, melted at 
50.5-51.5°, solidified at 52°, and melted again at 54.5-55°; [a], = +2.0° 
in chloroform (c 9.9); M, = +17.1°. 


(856.7) 
Calculated. C 71.43, H 10.00, P 3.62 
Found. 71.83, ** 10.13, $61, 3.72 


The phosphorylation of D-a,8-dipalmitin (22) and of D-a,6-dimyristin 
(10) was carried out as described for distearin, with the same molecular 
ratios of diglyceride, diphenylphosphory] chloride, and pyridine. 

Dipalmitoyl-L-a-glycerophosphoric Acid Diphenyl Ester (II)—The yield 
of diphenyl ester was 90 per cent (found, P 3.80 per cent). For analysis 
the substance was recrystallized from ethyl acetate (5 ml. per 1 gm. of 
substance; cooling to —15°) and dried in a high vacuum. Recovery 93 
per cent; over-all yield 83.7 per cent; m.p. 47—48° (sintering at 46°); [a], = 
+2.4° in chloroform (c 11.0); M, = +19.2°. 


Analysis —CgzH77OsP (800.7) 
Caleulated. C 70.43, H 9.70, P 3.87 


Dimyristoyl-L-a-glycerophosphoric Acid Diphenyl Ester (III)—The yield 
of diphenyl ester was 95 per cent (found, P 4.18 per cent). For analysis 
the substance was recrystallized from 99 per cent ethanol (15 ml. per 1 
gm.; cooling to 0°) and dried in a high vacuum. Recovery 85 per cent; 
over-all yield 80.7 per cent; m.p. 38-39° (sintering at 37°); [a], = +2.6° 
in chloroform (c 10); M, = +19.4°. 


Analysis—C43H (744.7) 
Calculated. C 69.29, H 9.36, P 4.16 
Found. 69.49, 9.52, “ 4.18, 4.13 


These phosphatidic acid diphenyl esters (I, II, III) are readily soluble 
at room temperature in ethyl ether, butyl ether, dioxane, ethyl acetate, 
acetone, chloroform, benzene, cyclohexane, and petroleum ether, moder- 
ately soluble in boiling methanol, and insoluble in water. In the same sol- 


* All optical rotations reported in this communication were determined in an- 
hydrous ethanol-free chloroform (distilled from phosphorus pentoxide). 
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vent their solubility decreases with increasing length of the fatty acid. 
They decompose gradually, with the liberation of phenol. 

Distearoyl-L-a-glycerophosphoric Acid (IV)—A solution of 17.1 gm. 
(0.0200 mole) of distearoyl-L-a-glycerophosphoric acid diphenyl] ester (I) 
in 300 ml. of glacial acetic acid and 3.0 gm. of platinic oxide (Adams’ 
catalyst) was shaken vigorously in an atmosphere of pure hydrogen at an 
initial pressure of 40 to 50 cm. of water until the absorption of hydrogen 
ceased. Within 1 hour 8.30 moles of hydrogen had been consumed. Af- 
ter replacement of the hydrogen by nitrogen and addition of chloroform 
until all phosphatidic acid was dissolved (approximately 200 ml.), the plat- 
inum catalyst was removed by filtration and the clear filtrate brought to 
dryness in vacuo (10 mm.) at a bath temperature of 30-40°. Yield of 
fairly pure distearoyl-L-a-glycerophosphoric acid (DS-L-a-GPA), 13.9 
gm. or 98.6 per cent; total P found, 4.34 per cent. The substance was 
recrystallized from boiling acetone (40 ml. per gm.). Recovery 91 per 
cent; over-all yield, 89.7 per cent; [a]?° = +3.8° in chloroform (e 9.3); 
M, = +26.8°. 


(704.6) 
Caleulated. C 66.42, H 11.01, P 4.42 
Found. 66.2, 11.13, ** 4.43, 4.46 


The solubilities of DS-L-a-GPA in various anhydrous solvents, expressed 
as the weight of the solute in 100 ml. of solution at 21°, are <1 mg. in 
petroleum ether, 80 mg. in acetone, 150 mg. in benzene, 350 mg. in acetic 
acid, 270 mg. in methanol, 800 mg. in ethanol, and 1.6 gm. in ether. 

Dipalmitoyl-L-a-glycerophosphoric Acid (V)—The catalytic hydrogenoly- 
sis of the dipalmitoyl-L-a-glycerophosphoric acid (DP-L-a-GPA) diphenyl 
ester (16.0 gm., 0.0200 mole) in glacial acetic acid (300 ml.) and isolation 
of the phosphatidic acid were carried out as described for the correspond- 
ing distearoyl] compound. ‘The crude product (12.7 gm. or 98 per cent, 
P 4.54 per cent) was dissolved in boiling acetone (15 ml. per gm.), and the 
solution cooled to 0° and filtered. Recovery of analytically pure dipal- 
mitoyl-L-a-glycerophosphoric acid, 83 per cent (10.5 gm.); over-all yield 
81 per cent; [a]?° = +4.0° in chloroform (c 9.6); M, = +25.9°. 


Analysis—CysHeOsP (648.6) 


Caleulated. C 64.75, H 10.73, P 4.78 
Found. 64.50, 10.59, 4.70 


The solubilities of DP-L-a-GPA in various anhydrous solvents, expressed 
as the weight® of the solute in 100 ml. of solution at 21°, are <1 mg. in 


6 oT while not very precise, give the approximate magnitude of solubility. 


’ 
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petroleum ether, 1.6 gm. in acetone, 4.2 gm. in benzene, 1.3 gm. in acetic 
acid, 2.0 gm. in methanol, 2.5 gm. in ethanol, and 1.5 gm. in ether. 
Dimyristoyl-L-a-glycerophosphoric Acid (VI)—The reductive cleavage of 
the dimyristoyl-L-a-glycerophosphoric acid (DM-.L-a-GPA) diphenyl ester 
(0.0200 mole, 12.97 gm.) was carried out as described for the distearoy] 
compound. The crude phosphatidic acid (11.56 gm. or 97.6 per cent, 
P found 5.12 per cent) was purified by reprecipitation from anhydrous 
acetone (10 ml. per 1 gm.) by cooling to —35°. Recovery, 89.5 per cent 
(10.35 gm.); over-all yield, 87.3 per cent; [aJ** = +4.4° in chloroform 
(c 11); M, = +26.1°. 
Analysis—C3:H OsP (592.5) 
Calculated. C 62.78, H 10.38, P 5.23 
Found. 63.01, 10.25, 5.33, 5.26 


The solubility of the DM-.-a-GPA in acetone, benzene, glacial acetic 
acid, methanol, ethanol, and ether is considerably higher than that of the 
two other phosphatidic acids in the same solvents. 

The melting points of the phosphatidic acids IV, V, and VI are not re- 
producible with the desired degree of accuracy and are therefore omitted. 

The phosphatidic acids (IV, V, VI) are free from inorganic phosphoric 
acid and are relatively stable substances. On long standing, however, 
they show signs of change. The observation of Griin and associates (17, 
18, 26) that the phosphatidic acids readily undergo disproportionation to 
inorganic phosphoric acid and bisdiglyceride phosphoric acid esters* could 
not be confirmed. On exposure of one of the synthetic a-phosphatidic © 
acids in a stoppered test tube to the changing conditions of light and tem- 
perature of our southerly exposed laboratory for a period of 5 months, its 
content of inorganic phosphoric acid increased from the initial value of 
0.35 per cent to 1.7 per cent of the organically bound phosphoric acid. 
Assuming that this rate remains constant, it would take at least 14 years 
to complete the transesterification. It is obvious that the phosphatidic 
acids do not, when pure, possess the pronounced tendency to dispropor- 
tionate attributed to them by Griin and his associates. Griin’s use of 
phosphorus pentoxide as the phosphorylating agent probably led to the 
formation of highly unstable organic polyphosphates which contaminated 
his preparations and were the source of the inorganic phosphate. 

As was reported recently (27), the alkaline degradation of phosphatidic 
acids, in contrast to that of a-glycerylphosphorylcholine (28) and of a- 
lecithins (27), is not accompanied by migration of phosphoric acid and 
hence yields optically pure a-GPA. On the other hand, acid hydrolysis of 
a-phosphatidic acid yields (27) mixtures of a- and #-glycerophosphoric 
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acids, similar in composition to those obtained by acid hydrolysis of a- 
glycerylphosphorylcholine (28) and of a-lecithins (27). 

Recent investigations by Rosenberg (29), Kline (30), and Allen’ have 
shown that in antigens for serological tests of syphilis the “purified natural 
lecithin”? component can be replaced to advantage by a synthetic lecithin, 
such as the dipalmitoyl- and dimyristoyl-L-a-lecithins. Dr. R. H. Allen, 
of the Department of National Health and Welfare, Ottawa, has found’ 
that the choline salt of dipalmitoyl-L-a-glycerophosphoric acid, in contrast 
to the corresponding choline ester, is without serological activity in this 
respect. 

Choline Salts—The choline salts were prepared by dissolving 1.0 gm. of 
DS-, DP-, or DM-t-a-GPA in 45, 25, or 20 ml., respectively, of warm 
(60°) 99 per cent ethanol and adding 0.38, 0.45, or 0.50 gm., respectively, 
of an aqueous solution of choline bicarbonate® (48.8 per cent by base) 
dissolved in 5 ml. of 99 per cent ethanol. This corresponds to an approx- 
imate ratio of 1.1 mole of choline to 1.0 mole of phosphatidic acid. A 
larger excess of choline should be avoided. The solution of the choline 
salt of DS-L-a-GPA was filtered hot, while those of DP- and DM-.i-a-GPA 
were cooled to room temperature before filtering. The clear filtrates were 
brought to dryness under diminished pressure. The solid residues were 
suspended in cold, dry acetone, filtered, and dried in vacuo. The crude 
choline salts of DS-, DP-, and DM-t-a-GPA were obtained in yields of 
74, 67, and 86 per cent (0.85, 0.78, and 1.0 gm.), respectively. 

Distearoyl-L-a-glycerophosphoric Acid Monocholine Salt (VIT)—The crude 
choline salt (0.85 gm.) was dissolved in 30 ml. of a warm mixture of chloro- 
form and acetone (1:1). The warm solution was filtered and cooled to 
room temperature (24°), and the crystals were collected on a Biichner 
funnel and washed with dry acetone. The vacuum-dried choline salt 
weighed 0.78 gm. (92 per cent recovery) and was analytically pure. The 
substance started to sinter slightly at 90° and, on being further heated, 
gradually turned into translucent droplets which suddenly formed a me- 
niscus at 197-198°. [a]2° = +9.1° in chloroform (c 2.4); M, = +73.5°. 


Analysis—CyHaoOoN P (807.7) 
Calculated. C 65.37, H 11.23, N 1.73, P 3.84 
Found. 65.40, 11.09, 1.70, 3.91 


Dipalmitoyl-L-a-Glycerophosphoric Acid Monocholine Salt (VIII)—The 
crude choline salt (0.78 gm.) was recrystallized from 23 ml. of a warm 


’ Private communication. 

* The author wishes to express his gratitude to Dr. J. K. Dale, Commercial Sol- 
vents Corporation, Terre Haute, Indiana, for his generous gift of a concentrated 
choline bicarbonate solution. 
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mixture of chloroform and acetone (1:1) as described for the other choline 
salt; recovery, 0.70 gm. (90 per cent). The salt sintered at 75°, formed 
translucent droplets at about 85°, and melted with the formation of a me- 
niscus at 192.5-193°. [a]?® = +10.8° in chloroform (c 2); M, = +81.2°. 


Analysis—CyoHs209NP (751.7) 
Calculated. C 63.85, H 11.00, N 1.86, P 4.12 
Found. 63.64, 10.84, 1.85, ‘‘ 4.17 


Dimyristoyl-L-a-Glycerophosphoric Acid Monocholine Salt (IX)—The 
crude salt (1.01 gm.) was recrystallized from 20 ml. of a warm mixture 
of chloroform and acetone (1:2). The recovery of analytically pure cho- 
line salt was 0.87 gm. (86 per cent). The substance sintered at 63-65°, 
formed non-coalescing droplets at 70°, and melted with the formation of 
a meniscus at 192-193°. [a]?° = +10.8° in chloroform (c 2); M, = +75°. 


(695.6) 
Calculated. C 62.10, H 10.72, N 2.01, P 4.46 
Found. ** §2.30, 10.74, 1.95, 2.00, P 4.45 


On addition of ammonium reineckate to the ethanolic solutions of the 
choline salts VII, VIII, and IX, choline reineckate precipitated immedi- 
ately. 

At 21° the following amounts of choline salt VII, VIII, or LX are con- 
tained in 100 ml. of solution:® ether or petroleum ether, both <1 mg.; 
dry acetone, <1, 2, and 7 mg.; 95 per cent ethanol, 0.4, 2.4, and 5.3 gm.; 
dry ethanol, 0.5, 2.3, and 5.2 gm.; dry methanol, 1.1, 9.0, and—® gm., 
respectively. 

Ethanolamine Salts—The monoethanolamine salts of the phosphatidic 
acids were prepared by mixing the solution of the phosphatidic acid (1 
mole) in dry chloroform (10 ml. of chloroform per 1 gm. of substance) 
with a solution of ethanolamine (1.05 mole, b.p. 169.5-171.5°) in dry chlo- 
roform (20 ml. of chloroform per 1 gm. of ethanolamine) and gradually 
adding, with cooling, dry acetone to the mixture. The precipitates were 
filtered with suction, washed on the filter with dry acetone, and dried in 
vacuo (10 mm.). The crude ethanolamine salts were obtained in almost 
theoretical yields. For analysis they were rapidly recrystallized’? from 
warm 99 per cent ethanol (25 to 30 ml. per 1 gm. of substance). The 
analytically pure ethanolamine salts X, XI, and XII were obtained in 
yields of 93, 81, and 74 per cent, respectively. 

Distearoyl-L-a-glycerophosphoric Acid Monoethanolamine Salt (X)—The 
salt started to sinter slightly at approximately 100°. On being further 


® Too soluble; not determined. 
1° To avoid loss of fatty acids by transesterification. 


at 


he 
17 
TI 
of 
+ 
we 
ac 
fo 
} a 
b 
et 
re 
pl 
W 
to 
w 


E. BAER 243 


heated, it changed gradually to a transparent mass and melted sharply at 
172-173° with the formation of a meniscus. [a]® = +6.8° in chloroform (c 
2.0); M, = +52.0°. 


P (765.7) 
Calculated. C 64.25, H 11.06, N 1.83, P 4.05 
Found. ** 64.19, 11.09, 1.88, 1.72, P 4.13 


Dipalmitoyl-L-a-glycerophosphoric Acid Monoethanolamine Salt (XI)— 
The salt started to sinter slightly at 90° and melted with the formation 
of a meniscus at 173-175°. [a] = +7.7° in chloroform (c 2.6); M, = 
+54.6°. 


(709.6) 
Calculated. C 62.57, H 10.79, N 1.97, P 4.37 
Found. *€ 62.85, ** 10.68, ‘‘ 1.87, ‘‘ 4.42 


Dimyristoyl-L-a-glycerophosphoric Acid Monoethanolamine Salt (XII)— 
The salt sintered slightly at 100° and melted with formation of a meniscus 
at 178-180°. [a]?? = +8.8° in chloroform (c 2.4); M, = +57.5°. 


Analysis—C33H gs09NP (653.5) 
Calculated. C 60.59, H 10.48, N 2.14, P 4.74 
Found. 60.75, 10.32, 2.04, 4.74, 4.79 


When chloroform solutions of the phosphatidic acid ethanolamine salts 
were extracted with adequate amounts of ice-cold dilute (0.05 N) sulfuric 
acid, 90 to 95 per cent of the theoretical amounts of amino nitrogen was 
found in the acid extracts. The a-cephalins, when treated under the same 
conditions, yielded only a few per cent of their nitrogenous material to the 
acid. 

At 21° the following amounts of ethanolamine salt X, XI, or XII are 
contained in 100 ml. of solution:' dry acetone, ether, petroleum ether, or 
benzene, all <1 mg.; 95 per cent ethanol, 0.02, 0.07, and 0.23 gm.; dry 
ethanol 0.02, 0.04, and 0.15 gm.; dry methanol 0.09, 0.18, and 0.70 gm., 
respectively. 

Distearoyl-L-a-glycerophosphoric Acid Monopyridine Salt (XIII)—The 
phosphatidic acid (IV), suspended in 10 times its weight of dry pyridine, 
was brought into solution by warming to 45°. The solution was cleared 
by centrifugation, cooled, and diluted with 3 times its volume of dry ace- 
tone. After standing in ice for 30 minutes, the substance was collected 
with suction on a Biichner funnel, washed with dry acetone, and stored 
in a desiccator over pyridine to prevent decomposition of the pyridine 
salt. The pyridine salt was obtained in a yield of 85 per cent. It lost 
most of its pyridine either on being heated in vacuo or on repeated crystal- 
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lization from acetone. The salt started to sinter at 87°, gradually form- 
ing translucent droplets, which melted suddenly, with the formation of a 
meniscus, at 144-145°. The pyridine salt was not sufficiently soluble in 
chloroform at room temperature to permit an accurate determination of 
its optical activity. 


Analysis—CyuHs20sNP (783.6) 
Calculated. C 67.38, H 10.54, P 3.95 
Found. 67.48, 10.47, 3.96, 3.94 


The pyridine salt is insoluble in ethyl acetate, acetone, benzene, ether, 
or carbon tetrachloride at room temperature, but moderately soluble in 
the same solvents at the boiling point. 

Dipalmitoyl-L-a-glycerophosphoric Acid Monopyridine Salt (XIV)—The 
phosphatidic acid (V) was dissolved with warming to 45° in 4 times its 
weight of dry pyridine. To obtain the pyridine salt the solution was 
cooled in ice and the sludge of crystals was spread on a porous clay plate. 
The plate was placed in a desiccator over pyridine. The pyridine salt 
(XIV) was obtained in a yield of 55 per cent. It started to sinter at 
90°, on being further heated formed translucent droplets and melted sud- 
denly, with the formation of a meniscus, at 152-153°. [a]? = +3.8° in 
chloroform (c 4.4); M. = +27.6°. On standing in moist air, the salt 
gradually loses most of its pyridine. 


Analysis—CyoHnOsNP (727.6) 
Calculated. C 65.97, H 10.24, P 4.26 
Found. ** 65.64, ‘* 10.50, ‘‘ 4.28, 4.30 


At room temperature the salt is practically insoluble in ethyl acetate, 
acetone, ether, or carbon tetrachloride, but is readily soluble in benzene 
or chloroform. 


DISCUSSION 


The data presented in this and various earlier publications from this 
laboratory now make it possible to compare the choline and ethanolamine 
salts and esters of structurally and configurationally pure DS-, DP-, and 
DM-t-a-glycerophosphoric acids. Table I lists the melting points, specific 
rotations, and solubilities of these compounds. 

In 1926 Griin and Limpacher (31) reported the synthesis of DL-a-di- 
stearoyllecithin (m.p. 187°) and of distearoyl-pL-a-glycerophosphoric acid 
choline salt (m.p. 187°). It seemed odd that both the ester and the salt 
of choline should possess an identical melting point. A comparative study 
by King (32) of the hydrolysis of synthetic (Griin) and of natural lecithin 
by lecithinases revealed such considerable differences in the rates of hy- 


| 

t 


TABLE I 


Data for Choline and Ethanolamine Salts and Esters of Distearoyl-, Dipalmitoyl-, 
and Dimyristoyl-L-a-glycerophosphoric Acids 


Solubility at 21-22°, gm. per 100 ml. solution® 
Startsto | M-p.with | (4), 
sinter at | formation | (+) Igehenoi| Ether | Acetone : Acetic | Meth- 
degrees 
DS-L-a-GPA 
Ch.E. 84-90 (230 -231T | 6.1f 0.8 0.02; 0.01 13 0.8 
222 -223§ 
Ch.s. Slightly -198 | 9.1] 0.5|<0.001| <0.001 1.1 
at 90 
DP-L-a-GPA 
Ch.E. 75-79 (234 -235t | 6.6f 1.5) 0.02) 0.02 \1.1) 4. 1.4 
225 -226§ 
Ch.S.  « 75 192 -193 2.3|<0.001 0.002; 9.0 
DM-L-a-GPA 
Ch.E. 60-70 (237 -238t | 7.0f |>154| 0.03 | 0.06 |1.3>109| 244 
226 -227§ 
Ch.S. 63-65 (192 -193 |10.8|) | 5.2 |}<0.001; 0.007 | 
Solubility at 20° (+0.5°), mg. per 100 ml. 
solution 
DS-L-a-GPA 
Ka.k. 83 172 -173.5) 6.0**| 8 |<l <1 
Ea.8. Approxi- |172 -173 | 6.8] | 20 |<1 <1 90 
mately 
100 
DP-L-a-GPA 
Ka.E. 88 172.5-175 | | 36 |<1 =1 
Approxi- -175 | 7.7|| | 40 <1 180 
mately 
90 
DM-L-a-GPA 
Ka... 86 175 -177 | | 80 |<] 21 | 
Ea.S. Approxi- 174 -177 8.8] | 150 |<1 <1 700 
mately | 
100 | | 


Ch.E. = choline ester; Ch.S. = choline salt; Ea.E. = ethanolamine ester; 
Ea.S. = ethanolamine salt. 


* All solvents were anhydrous. 


falls sharply with slight variations in temperature. 
t Rate of heating 20° per minute from 100-210°; from there on 10° per minute. 
t In chloroform-methanol (1:1). 


§ Immersed in a bath of 200° and heated at a rate of 3° per minute. 
| In chloroform at 26°. 
{| The solubility lies above the stated amount. 


tion point was not attained. 
** In chloroform-acetic acid mixture (7:1). 


In some of the solvents the solubility rises or 


For lack of material the satura- 
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drolysis that doubts were expressed as to the nature of Griin’s product. 
A recent and unambiguous synthesis of distearoyl-pL-a-lecithin (10) has 
shown that the pure phosphatide melts at 224-225°. A comparison of the 
data in Table I leaves no doubt that the choline ester and the choline 
salt of the same phosphatidic acid show considerable differences in melt- 
ing point, ranging from 30-40°. It is apparent that Griin’s synthetic 
lecithin was at best highly impure and probably consisted predominantly 
of the choline salt of the distearoylphosphoric acid. 

It is of interest, however, that the ethanolamine ester and salt of each 
phosphatidic acid apparently possess the same melting point (Table I). 
It is conceivable that this phenomenon is caused by acyl migration during 
the period of heating, leading to the formation of identical products from 
both ester and salt. Acyl migrations from oxygen to nitrogen and the 
reverse are fairly common and have been studied extensivelysby von Au- 
wers, Gabriel, and their associates (33). Choline esters and salts, possess- 
ing a completely methylated nitrogen atom, seem to be incapable of un- 
dergoing similar shifts and possess different melting points. 


SUMMARY 


1. A generally applicable method for the synthesis of the enantiomeric 
forms of fully saturated a-phosphatidic acids is reported. 

2. The synthesis of distearoyl-, dipalmitoyl-, and dimyristoyl-L-a-phos- 
phatidic acids and the preparation of their choline, ethanolamine, and 
pyridine salts are described. 

3. A table containing the melting points, specific rotations, and solu- 
bilities of the choline and ethanolamine salts and esters of the three phos- 
phatidic acids is presented. The melting points have been used to evalu- 
ate the synthetic products obtained by some of the earlier workers in this 
field. 
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UTILIZATION OF NON-SPECIFIC NITROGEN SOURCES 
BY THE ADULT PROTEIN-DEPLETED RAT* 


By DOUGLAS V. FROST ann HARRY R. SANDY 
(From the Abbott Laboratories, North Chicago, Illinois) 


(Received for publication, October 27, 1950) 


The rat repletion method of assay of protein value, developed by Can- 
non’s group at the University of Chicago (2-4), has been applied to liquid 
protein hydrolysates and amino acid mixtures in this laboratory (5, 6). 
The method has the advantage of convenient volumetric portioning of the 
amino acid components of the diet. With properly conditioned depleted 
animals, there is quantitative acceptance of liquid protein hydrolysates 
of high biologic value over a wide range of nitrogen intake; t.e., up to 400 
mg. of N per rat day. Whole, dry, powdered proteins fed in cups separate 
from the non-protein diet are also quantitatively consumed, and provide 
convenient standards of protein value for comparison with amino acid 
solutions (7). 

In the present studies, solutions of mixtures of pure amino acids were 
generally fed at a level to supply 100 to 120 mg. of available N per rat 
day. This is equivalent to approximately 1 per cent of N in the diet, or 
only about 6 to7 per cent of protein. This level is well below the minimum 
level at which maximum growth responses are obtained even with pro- 
teins of high biologic value such as lactalbumin, whole egg, and fibrin, 
and is, therefore, highly critical with regard to limiting deficiencies of in- 
dividual amino acids. 

Rose (8) suggested many years ago, and reemphasized recently, that it 
may be possible with the exact knowledge of individual essential amino 
acid requirements to devise mixtures of extraordinary value for parenteral 
use. Such mixtures must obviously contain those eight amino acids which 
Rose has shown essential for-maintenance of N balance in adult men. In 
addition, one must consider appropriate sources of nitrogen to supply the 
body needs for the non-essential amino acids plus other nitrogen metabo- 
lites ordinarily supplied by food. The eight essential amino acids account 
for only 40 to 50 per cent of the composition of proteins of the highest 
biologic value. The proteins of lower biologic value have an even lesser 
ratio of the essential to non-essential amino acids. The question arises, 
then, as to the optimum nutritive ratio between essential and non-essential 


* Presented in part before the Division of Biological Chemistry of the American 
Chemical Society, Atlantic City, September, 1949 (1). 
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amino acids, or, more broadly, between essential amino acid N and other 
than essential amino acid N. 

The principal objects of this investigation were to determine (1) whether 
the so called non-essential amino acids are necessary for optimum reple- 
tion in the adult depleted rat, (2) whether isonitrogenous replacement of 
the non-essential amino acids can be made with such non-specific nitrogen 
sources aS ammonia or urea, and (3) approximately how much of the total 
N should be present as other than essential amino acid N for the best 
performance. 


EXPERIMENTAL 


Details of the rat repletion method as applied to the assay of liquid 
protein hydrolysates are given in previous papers (5, 6). The basal diet 
was redesigned in recent studies to correct any marginal deficiencies which 
might ensue through repeated use of the test animals. With the im- 
proved diet, it was found that rats could be carried through at least four 
cycles of depletion and repletion at the level of 240 mg. of N with no ap- 
parent injury. When rats were carried through successive assays at lower 
nitrogen levels, a 3 to 4 day period on a stock diet prior to redepletion 
was used. 

The non-protein diet (Diet NP) used in these studies is expressed in 
per cent as follows: sucrose 83, salts (Salt Mixture 1, U. 8. P.) 4, CaHPO,-- 
2H.0 1, agar 1.4, Primex 4.2, corn oil 4.6, cod liver oil 1.4, Wilson liver 
fraction O 0.1, choline chloride 0.15, inositol 0.1, MnSO,-2H,0 0.01, 
CuSO,-5H:0 0.004, ZnSO,-7H.0 0.004, CoCl.-6H,O 0.0002, ascorbic acid 
0.01, thiamine hydrochloride 0.0006, riboflavin 0.0009, nicotinamide 0.01, 
pyridoxine hydrochloride 0.0006, calcium pantothenate 0.004, p-aminoben- 
zoic acid 0.006, folic acid 0.0006, biotin 0.00004, menadione 0.0004. The 
above diet differs from Diet NP, previously used by an increased amount 
of phosphorus and calcium and the addition of copper, cobalt, manganese, 
p-aminobenzoic acid, folic acid, biotin, inositol, menadione, and a liver 
fraction intended to supply vitamin By. The diet supplies 4.2 calories 
per gm. and contains 0.03 per cent nitrogen. 

Five young adult male rats were used in each assay group and were pre- 
pared for assay by a drinking trial period, as previously described (5, 6). 
Comparisons were made only between groups which had a similar history 
of high intake and satisfactory weight response to a standard intravenous 
fibrin hydrolysate. Repeated use of the animals over a cycle of two as- 
says lends itself to procedures for checking results both within and between 
groups of animals. Fig. 1 illustrates the repeated use of the same ani- 
mals on the same supplements. Standard errors were calculated, as shown 
in Tables I to IV. Significant differences were estimated from the data 
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by Fisher’s t test (9). Reference is made only to those differences which 
appear to have high significance. 

Precautions were taken as to the purity of the amino acids used, which 
were obtained from Merck, Dow, Van Camp, Winthrop, and Interchemi- 


250} 12 AMINO ACID MIXTURE 14 AMINO ACID MIXTURE 
37.5CC. 24 GM N PER DAY 37.5CC.* 24 GM N PER DAY 
INTAKE NE 
(%)_ RATIO 
iSOr 78 20 
65 2! 
DAYS 


Fic. 1. Repletion response to two amino acid mixtures fed in 5 per cent solution. 
Nearly adult male rats were depleted 12 days on non-protein diet, followed by a 3 
day drinking trial period and 3 days of redepletion. The amino acid solutions were 
offered at the points indicated by the arrows and were fed for 12 days. The rats 
were then depleted 12 days on a non-protein diet and again fed the amino acid mix- 
tures as indicated for the ensuing 12 days. The nitrogen efficiency (N. E.) ratio is 
the ratio of gm. gained to gm. of N consumed over the 12 day repletion periods. 
Amino acid Mixture A, was patterned after the amino acid mixture of Frazier et al. 
(3), which simulates the composition of casein. Glutamic and aspartic acids were 
eliminated from Mixture As. 


cal. Microbiological and chemical assays served as criteria of purity. 
Purified amino acid standards were kindly supplied by Dr. Max Dunn and 
by the Interchemical Corporation. The latter standards were furnished 
as part of a collaborative microbiological assay project sponsored by the 
Bureau of Biological Research of Rutgers University. As a further check, 
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Kjeldahl nitrogen determinations were made on representative mixtures. 
The nitrogen content found by analysis agreed closely with the theoretical 
values. 

Amino Actd Mixtures Patterned after Casein—In preliminary experi- 
ments, amino acid mixtures were made to compare as closely as possible 
with the mixtures described by Frazier et al. (3), which were patterned 
after the composition of casein. Certain modifications had to be made 
to correct for the insolubility of tyrosine and cystine, as previously re- 
ported (5). 5 per cent amino acid solutions were fed to supply 0.24 gm. 
of N per rat day, in a volume of about 35 cc. No water was supplied in 
addition to the amino acid solutions. 

The form of the amino acids used is indicated, except in the case of his- 
tidine, lysine, and arginine, which were added as the hydrochlorides. All 
solutions were adjusted with sodium hydroxide, as needed, to pH 5. The 
values for percentage composition in Tables I to IV are expressed as per 
cent of the physiologically active components in the dry mixtures. Thus 
the values show only one-half the amounts of pL-isoleucine, pL-threonine, 
pL-valine, and ptL-alanine which were present. The composition of the 
first series of amino acid mixtures is shown in Table I, together with the 
12 day average gain in weight, the standard error, and per cent intake of 
the allotted volume of solution. 

As is seen in Fig. 1, there was a greater response to Mixture A, (four- 
teen amino acids), both in the original and repeat assays. At the time 
this experiment was done, it was not clear whether or not any of the non- 
essential amino acids were needed for best growth in rats. Our results 
were in good apparent agreement with those of Womack and Rose (10), 
which suggested a stimulatory value for glutamic acid. 

When alanine and glycine were eliminated (Mixture Ag), the response 
was not different from that observed for Mixture As. However, when 
glutamic acid alone was added at a level comparable to that used in the 
solution of fourteen amino acids (Mixture A,), the response was improved 
over that of either the solution with twelve amino acids (Mixture Aj) or 
that with ten amino acids (Mixture A,). This finding appeared to sup- 
port the idea that glutamic acid was indeed playing a supplementary rdle 
to the essential amino acids. 

Contrary to the above finding, on the other hand, was the report of 
Frazier et al. (3) that a mixture of only the nine essential amino acids 
gave as good a repletion response as their sixteen amino acid mixture. 
According to these authors, neither arginine nor glutamic acid would be 
needed for a high rate of recovery in the adult protein-depleted rat. In 
view of our own findings, however, and the contemporary reports from 
Rose’s laboratory with growing rats, we were particularly concerned about 
the réle of arginine. 
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Mixture As was made up of the nine essential amino acids except for 
arginine. The response to Mixture As, as shown in Table I, was poorest 
of all. The intake of allotted nitrogen was only 41 per cent, and the 
weight gain was less than half that of rats on the fourteen amino acid 
mixture. The response to the ten amino acid mixture (No. Ags), which 
included arginine, was significantly greater than the response when argi- 
nine was omitted. Thus, our data clearly indicated a nutritive réle for 
nitrogen sources, other than the essential amino acids, for the adult rat. 


TABLE | 


Repletion Response to Amino Acid Miztures Fed in 6 Per Cent Solutions to Supply 
0.24 Gm. of N per Day 


Mixture As Mixture As Mixture Ae Mixture Az Mixture As 
per cent per cent per cent per cent per cent 
L-Arginine............. 4.2 5.4 6.3 5.2 
L-Histidine.............} 2.8 3.6 4.3 3.5 4.6 
pu-Isoleucine........... 6.9 9.2 10.7 8.8 11.6 
L-Leucine.............. 12.6 16.7 19.2 15.7 20.4 
RE eae 8.2 10.6 12.2 10.0 15.0 
pt-Methionine......... 6.3 8.3 9.5 7.8 10.0 
L-Phenylalanine........ 11.3 15.0 17.4 14.3 18.5 
put-Threonine.......... 4.2 5.4 6.2 5.2 6.0 
L-Tryptophan.......... 1.9 2.5 2.7 2.2 2.8 
pu-Valine.............. 7.6 10.0 11.5 9.4 12.0 
L-Glutamic acid....... 17.6 17.9 
pL-Aspartic “ ....... 6.4 
pL-Alanine............. 3.8 5.0 
Average 12 day gain, 
MS ss wees 58 + 3.2 | 42 + 2.4 | 47 + 4.0 | 638 + 2.0 | 27 + 2.4 
Intake of allotment, 
94 72 73 94 41 


The specific nutritive significance of arginine or glutamic acid for the 
adult depleted rat was, however, still not clear. It appeared likely that 
other sources of non-essential amino acid nitrogen would play a supplemen- 
tary réle. To test this hypothesis, mixtures were made up in which gly- 
cine alone and a mixture of glycine plus alanine were used to replace 
arginine at an isonitrogenous level. Experiments were carried out with 
Cannon’s amino acid minima as detailed below rather than with mixtures 
patterned after casein. 

Tests with Cannon’s Amino Acid Minima—When Cannon’s minimum 
requirement values became available (11), it was decided to continue 
work with this combination, as representing a maximally efficient mix- 
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ture. The reported minimum requirements of the physiologically active 
forms are tryptophan 13, phenylalanine 37, leucine 77, isoleucine 66, me- 
thionine 35, threonine 45, lysine 47 to 55, histidine 22, and valine 53 mg. 
per rat day. It was calculated that a mixture of the nine indispensable 
amino acids fed at the minimum level for each would supply only 69 mg. 
of N per rat day. An initial feeding trial was then made, supplying twice 
the minimum levels. This level of feeding would theoretically provide 
more than enough nitrogen for synthesis of the non-essentials. Each 
daily allotment provided 138 mg. of N per rat day, of which 36 mg. were 


TABLE II 
Repletion Response to 5 Per Cent Amino Acid Solutions Fed at 0.138 Gm. of N per Day 
Minimum + Complete 
arginine’ | + | | fibrin 
per cent per cent per cent per cent per cent® 
pL-Isoleucine ..... 16.0 14.8 13.6 13.8 4.2 
L-Leucine......... 19.2 17.6 16.3 16.5 6.5 
L-Lysine.......... 12.8 11.7 10.9 11.0 7.6 
pL-Methionine....| 8.7 7.9 7.3 7.4 2.2 
pi-Phenylalanine.; 9.6 8.8 8.1 3.1 
put-Threonine.....| 11.2 9.9 9.5 9.7 5.5 
L-Tryptophan..... 3.2 2.9 2.7 2.8 0.8 
pL-Valine......... 12.8 11.7 10.9 11.0 4.6 
L-Histidine.__.. .| 6.4 5.8 5.4 5.5 1.8 
L-Arginine........ 8.8 4.9 
7.1 
Glycine........... 8.4 14.0 
Average 12 day ue 
gain, 8.e.,gm..' 19.2 + 2.2 31.7 + 2.0 82.0 + 3.5 29.2 + 2.0) 38.0 + 2.1 
Intake of allot- 


ment, %...... 55.0 | "90.0 100. 


* Expressed as the L-amino acid content of dry solids. 


the p-amino acid N of the unavailable isomers of isoleucine, threonine, 
and valine. All mixtures based on the minimum requirements were fed 
in 25 ce. of solution to supply 0.138 gm. of N per rat day. 

The response to the minimum mixture alone at the twice minimum 
level was poor, as predicted from our previous results with mixtures of 
only the nine essential amino acids. Addition of arginine, a mixture of 
glycine and alanine, or glycine alone, all improved the weight response 
and intake markedly, as shown in Table II. In each case the addition 
was made to supply 19 per cent of the total N of the mixture. Glycine, 
or glycine plus alanine, appeared to be just as effective as arginine when 
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added to the minimum mixture. It was now clear that the requirement 
for other than essential amino acid nitrogen was relatively non-specific. 
It was also clear that the rat was unable to make efficient use of only the 
essential amino acids, and that the presence of non-essential amino acids 
greatly enhanced the feeding value of the mixture. 

There was a large excess of essential amino acids over the requirement 
in all of these mixtures. To illustrate this point, one can compare the 
amino acid composition and response to a complete hydrolysate of fibrin 


III 
Repletion Response to 5 Per Cent Amino Acid Solutions Fed at 0.138 Gm. of N per Day 


| | farginine | glutame acd | 

percent percent =| cent per cent per cent 
pu-Isoleucine..... | 16.0 14.2 9.8 11.3 
L-Leucine......... 19.2 17.0 11.7 13.6 
12.8 7.8 9.1 
pL-Methionine..... 8.7 | 7.2 5.3 6.1 
pL-Phenylalanine.. 9.6 8.5 | 8.1 5.9 6.8 
pLt-Threonine. ..... 11.2 9.9 6.8 7.9 
L-Tryptophan..... | 3.2 2.8 2.0 2.3 
pi-Valine......... | 12.8 | 11.4 (10.8 7.8 9.1 
u-Histidine........ 6.4 | 3.9 4.5 
L-Arginine........ | | | 15.9 | 6.8 
L-Glutamie acid. 39.0 22.5 

Average 12 day | 


gain, s.e.,gm.. 20.8 + 2.6 25.6 + 2.4 30.9 + 2.3 36.5 + 1.9), 35.9 + 2.1 
Intake of allot-— 
ment, %......| 76.0 89.0 95.0 95.0 98.0 


fortified with tryptophan, as shown in Table II. This preparation, de- 
spite its lower content of the essentials, was more acceptable to the rats 
than any of the synthetic mixtures. 

At this stage of the investigation, Rose, Oesterling, and Womack (12) 
reported that removal of glutamic acid from a nineteen amino acid mix- 
ture did not result in a significant drop in nutritive value. At the same 
time they clearly demonstrated the nutritive significance of the non-essen- 
tial amino acids for the growing rat. This report, together with our con- 
temporary findings, pointed to the possibility that the réle of the non- 
essential amino acids is largely non-specific. It appeared desirable then 
to study various readily metabolized sources of amine, amide, or ammonia 
N, over and above the essential amino acids, for their capacity to supply 
the nitrogen necessary for synthesis in the body pool. 
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Urea and Ammonium Citrate As Non-Spectfic Nitrogen Sources—The 
ratio of non-essential to essential amino acid N in the above experiments 
was thought to be low, and in the next series of experiments a mixture was 
made in which arginine was added to supply 32.2 per cent of the total 
nitrogen. The results are shown in Table III, from which it will be seen 
that all replacements gave an improvement both in intake of allotted 
nitrogen and weight recovery over the minima alone. Glutamic acid, or 
the mixture of glutamic acid and arginine, appeared superior to arginine 
alone; however, the difference was not large and was not borne out by 
subsequent experiments to test this point. The N efficiency ratios calcu- 


TaBLe IV 
Repletion Response to § Per Cent Amino Acid Solutions Fed at 0.138 Gm. of N per Day 
Minimum + urea | smmonium citrate | glutamic actd 
per cent per cent per cent 
5.2 5.3 
pL-Phenylalanine.................. 8.5 6.2 5.9 
Di-Threomime..................... 9.9 7.4 6.8 
ate 11.4 8.4 7.8 
L-Histidine............ 5.6 5.2 3.9 
u-Glutamic acid................. 39.0 
Ammonium citrate................ 32.6 | 
Average 12 day gain, s.e., gm... 3241.4 | 43+ 2.4 40 + 1.6 
Intake of allotment,%.......... 99 | 89 


lated from the results, assuming the p-amino acid N of threonine, valine, 
and isoleucine to be excreted, is as high as that for lactalbumin; ¢.e., 
about 30 gm. in gain per gm. of N consumed. The response when urea 
was added was not as great as that with added arginine or glutamic acid. 

Further experiments were set up to test the response to urea and diam- 
monium citrate with glutamic acid as a reference. Again the mixtures 
were made so that they supplied 32.2 per cent of total N. The results are 
shown in Table IV. The intake of allotted nitrogen was 99 per cent for 
the mixture with urea; however, the weight response was significantly less 
for this mixture than for the preparations with diammonium citrate or glu- 
tamic acid. The probability that such differences in weight gain would 
be determined by chance alone is less than 1 in 100 by Fisher’s ¢ test. 
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As a further check on nitrogen utilization in the above groups, nitro- 
gen balance determinations were performed on two representative rats 
from each group of five. Urine collections were made in two equal 34 
day periods over the last week of assay. Strongly positive N balances 
were seen in each case, although least nitrogen retention was observed for 
the group on urea. 

Ratio of Essential Amino Acid N to Non-Specific N—On the basis of 
preliminary experiments, it became clear that the ratio of essential to 
other than essential amino acid N is of importance when studying the 
efficiency of any given source of non-specific N. One-third substitution 
of the total N of the minimum mixture in the form of glutamic acid, argi- 
nine, or diammonium citrate, as already described, supports an excellent 
weight response, and an N efficiency ratio equal to that shown by proteins 
of the highest biologic value. One-fifth nitrogen substitution by arginine, 
glycine, or a mixture of glycine and alanine also gave a clear cut response 
above the minimum mixture alone. When ammonium acetate was used 
at 10, 20, and 30 per cent levels of nitrogen substitution, the increase in 
response over the minimum mixture alone was progressive toward the 
highest level of substitution. There was, however, not a clearly signifi- 
cant difference between the 20 and 30 per cent levels. Thus, the data 
suggest that at least 20 per cent of the nitrogen should be other than es- 
sential amino acid N to assure efficient utilization of the total nitrogen of 
an amino acid mixture. 


DISCUSSION 


Protein hydrolysates modified in various ways to meet the needs of 
parenteral nutrition have thus far provided the only practical prepara- 
tions for intravenous amino acid therapy. Mixtures of pure amino acids 
have been too expensive to be commercially feasible. There have also 
been questions of the possible inhibitory effects of pL-amino acids and of 
the requirements for nitrogen compounds other than the recognized essen- 
tial amino acids. The present study has a bearing on these questions. 

About 10 per cent of the nitrogen in commercial protein hydrolysates is 
ammonia N derived from the amide N of glutamine and asparagine. The 
metabolic fate of this nitrogen has been in question for some time. Dur- 
ing the course of these studies, evidence for the utilization of ammonia N 
by the growing rat was reported by Lardy and Feldott (13) and by Rose 
et al. (14). All three studies confirm the findings of Foster, Schoenheimer, 
and Rittenberg (15) with regard to the metabolic availability of labeled 
ammonia N!*. Obviously, the disposition of the ammonia by the body is 
primarily conditioned by the adequacy of essential amino acid intake to- 
gether with the adequacy of other non-specific nitrogen sources available 
to the body pool. 
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Rose (8), in reviewing the classic studies at Illinois on amino acid re- 
quirements in man, refers to the preliminary work on rats in his laboratory 
with glycine and urea as the non-specific nitrogen sources. This work 
led to the use of these compounds to provide extra nitrogen in the spe- 
cialized amino acid diets for humans. 

The present studies with adult depleted rats differ from the Illinois and 
Wisconsin studies on growth in that a large excess of essential amino 
acids was offered under the conditions of our experiments. Substitution 
of part of the nitrogen of the essential amino acids by various other sources 
of nitrogen elicited a much greater response than that given by the essen- 
tial amino acids alone. Thus, it became clear that the essential amino 
acids themselves are not readily available as sources of nitrogen for con- 
version to other generalized nitrogen components of the body. Schoen- 
heimer (16) demonstrated that when urea containing N™ was fed to nor- 
mal rats the urinary urea contained practically all of the N'®. Under the 
particular conditions imposed in our studies, however, urea appears as a 
more efficient source of extra nitrogen for general metabolic purposes than 
the mixture of essential amino acids. 

A difficulty inherent in the use of racemic mixtures comes in the need 
for knowledge of the fate of the p isomers. Ramasarma, Henderson, and 
Elvehjem (17) have assumed in their growth studies with amino acid mix- 
tures that the p-amino acids serve to supply non-essential amino acid N. 
On the other hand, Rose eé¢ al. (14) have reported that the a-keto ana- 
logues of valine and isoleucine promote growth, presumably by undergoing 
asymmetric amination to the corresponding L-amino acids. If the body 
were capable of deaminating the p forms of these amino acids, the resi- 
dues might then be expected to undergo inversion and asymmetric resyn- 
thesis by the body to the L isomers. Such an inversion must happen in 
the case of those p-amino acids which are utilized, as there is little evidence 
that p-amino acids are present as components of animal tissue. 

We have dealt in terms of total nitrogen in the present study, leaving 
open the question of the nitrogen of the p isomers. Additions of L-amino 
acids, urea, or ammonium salts, however, serve to dilute the p-amino acid 
content. This creates variables both with regard to possible inhibitory 
effects and with regard to utilization of p-amino acid N._ It is impossible 
to assess the effects of these variables fully with the knowledge at hand. 

The interesting question whether the presence of p-amino acids exerts 
an inhibitory effect does not yet appear to be clearly resolved. The ob- 
servation has been made in this laboratory (1) that protein hydrolysates 
are accepted with greater avidity by protein-depleted rats than any of 
the amino acid mixtures studied, all of which have contained the pi forms 
of isoleucine, valine, methionine, and threonine. Support for the idea 
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that p-amino acids do exert inhibitory effects and are less well tolerated 
than L-amino acids is extensive (18-21). On the other hand, in recent 
studies designed specifically to throw light on the effects of p-amino acids, 
Van Pilsum and Berg (22) concluded that proportionately large amounts 
can actually be fed as components of pL-amino acid mixtures without pro- 
ducing any growth-retarding or other deleterious effects. 

These contradictory conclusions suggest that a second variable in addi- 
tion to the optical forms of the amino acids studied may have been at 
work in the different laboratories. The requirement for an adequate 
source of other than essential amino acid N for optimum growth has not 
been generally recognized and the fulfilment of this requirement appears 
as a variable in certain of the studies cited. 


SUMMARY 


The nine amino acids, exclusive of arginine, required by the adult rat 
gave a poor response in protein-depleted rats when fed in 5 per cent solu- 
tion as the sole source of amino acid nitrogen. Mixtures patterned after 
the composition of casein and in the proportions of Cannon’s minima for 
maximum rate of repletion were studied. When fed at a level to supply 
0.138 gm. of N per rat day, the latter mixture supplied twice the mini- 
mum requirements of each of the nine essential amino acids. Isonitrog- 
enous replacement of one-fifth to one-third of the nitrogen of this mixture 
by arginine, glycine, glutamic acid, ammonium acetate, urea, or diammo- 
nium citrate resulted in a marked improvement in avidity for the solutions 
and in weight response. Efficiency of such mixtures compares favorably 
with that of the best proteins; t.e., about 25 to 30 gm. gain in weight per 
gm. of N consumed. Urea proved somewhat less effective than the other 
compounds as a source of other than essential amino acid N. 

The data suggest that best utilization occurs when at least 20 per cent 
of total N is present as nitrogen other than that of the essential amino 
acids. Such a source of nitrogen appears fairly non-specific. This is 
supplied equally well by ammonia itself or by sources of nitrogen capable 
of supplying ammonia metabolically. 

The avidity for all amino acid solutions thus far studied is markedly less 
than for solutions of complete hydrolysates of proteins fortified with tryp- 
tophan. The reason for this difference is not vet clear. The presence of 
the unnatural optical forms of certain of the amino acids is one basis of 
difference. This question cannot be satisfactorily resolved, however, on 
the basis of present evidence. 
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PARTICIPATION OF PHOSPHOLIPIDES IN LYMPHATIC 
TRANSPORT OF ABSORBED FATTY ACIDS* 


By B. BLOOM,t I. L. CHAIKOFF, W. O. REINHARDT, 
anv W. G. DAUBEN 
(From the Divisions of Physiology and Anatomy of the School of Medicine, and 
the Department of Chemistry, University of California, Berkeley, California) 


(Received for publication, October 11, 1950) 


Recently, we investigated the path by which an absorbed, long chain 
fatty acid leaves the intestine (1). Unanesthetized rats, into whose tho- 
raric ducts or lacteals cannulae had been introduced, were fed C-labeled 
palmitic acid as either the triglyceride or the free acid. From 70 to 92 
per cent of the absorbed, labeled fatty acid was recovered as fatty acid 
C" from the thoracic duct lymph in nine of ten rats studied, and from 69 
to 84 per cent was recovered from the intestinal lymph of four rats. The 
amounts recovered in intestinal lymph in the present investigation (Table 
II) were as high as 97 per cent. Such high recoveries indicate that the 
transport of absorbed, long chain fatty acids is a concern, almost exclu- 
sively, of the intestinal lacteals. 

Plasma and lymph serve as avenues of transport between organs and 
tissues. The fatty acid transport function of plasma phospholipide was 
dealt with in an earlier report from this laboratory (2). When C-labeled 
palmitic acid was injected into fasted, liverless dogs, significant amounts 
of the labeled fatty acid were incorporated into the phospholipide of the 
small intestine and its mucosa, the kidneys, lungs, heart, and skeletal 
muscles. But practically none of the isotopic fatty acids was recovered 
in the plasma phospholipides. This finding lends no support to the view 
that plasma phospholipides serve to transport fatty acids between organs 
and tissues. 

The present study was designed to test the participation of lymph 
phospholipides in carrying absorbed fatty acids from the small intestine 
to the plasma. 


EXPERIMENTAL 
Treatment of Rats 


Collection of Lymph—Male rats of the Long-Evans strain were used. 
They were fed a diet composed of 67.5 per cent whole wheat, 15 per cent 
* Aided by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 
t Fellow of the Atomic Energy Commission. 
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casein, 10 per cent whole milk powder, 5.2 per cent hydrogenated vege- 
table oil, 1.5 per cent calcium carbonate, 0.75 per cent sodium chloride, 
and 16 cc. of sardilene (a fish oil rich in vitamins A and D) per kilo. The 
rats were not fasted before the operation. Lymph was collected from un- 
anesthetized rats kept in restraining cages (3). 

After recovery from the anesthetic, which was induced for the purpose 
of inserting the cannulae into the lymphatics, the animals had free access 
to the diet noted above and 1 per cent NaCl solution. The NaCl, by 
increasing the rate of lymph flow (4), reduces clot formation in the can- 
nula. Once a free flow of lymph was established, the NaCl solution was 
replaced by tap water (except for two rats; see Table I). 

Administration of Labeled Fatty Acids—Palmitic acid, labeled with C™ 
at the carboxyl position, was synthesized (5). Approximately 4 mg. of 
its triglyceride were dissolved in 0.5 cc. of corn oil. The mixture was then 
brought to body temperature and administered by intragastric intubation 
to lightly etherized rats. 


Analytical Procedures 


Lipides were extracted from each lymph sample and dissolved in petro- 
leum ether (Extract A) as described earlier (1). Separate aliquots of 
this extract were used to determine the following: fatty acid C"™ (1), phos- 
pholipide fatty acids, total fatty acids, and total cholesterol. 

Phospholipide Fatty Acids—The phosphorus content of Extract A was 
determined by King’s method (6). Phospholipide phosphorus was con- 
verted to total phospholipide by the factor 25, and the latter to phos- 
pholipide fatty acids by the factor 0.68. 

Total Fatty Acids and Total Cholesterol—Aliquots of the petroleum ether 
Extract A were saponified and acidified, and the lipides were dissolved in 
petroleum ether. Fatty acids were measured by the oxidative procedure 
(7), and cholesterol was determined by the colorimetric method of Sperry 
and Brand (8). 

Separation of Acetone-Soluble from Acetone-Insoluble Lipides—Aliquots 
of Extract A were transferred to 50 cc. centrifuge tubes, and the solvent 
was evaporated to approximately 0.5 cc. The phospholipides were pre- 
cipitated by the addition of 30 cc. of acetone and 15 drops of a saturated 
solution of MgCl: in absolute alcohol. The mixture was centrifuged, and 
the supernatant containing the acetone-soluble lipides was decanted. 30 
cc. of acetone were now added to the precipitate, and the latter was thor- 
oughly dispersed by vigorous stirring. The treatment with acetone was 
repeated twice more. The four supernatants were then combined; this 
acetone-soluble fraction contained the non-phospholipide fatty acids and 
cholesterol. 
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The acetone-soluble and insoluble fractions were used for the determina- 
tion of non-phospholipide fatty acid C“ and phospholipide-fatty acid C%, 
respectively. 

The acetone-insoluble fraction (phospholipides) was saponified as follows: 
The precipitate was dissolved in methanol and to this was added 0.5 cc. 
of 90 per cent KOH. The mixture was refluxed for 1 hour on a steam 
bath, cooled, and acidified. The fatty acids were extracted by four wash- 
ings with hot petroleum ether. 

The acetone-soluble fraction was likewise saponified and acidified, and 
its fatty acids were extracted with four separate portions of petroleum 
ether. It has previously been shown that the cholesterol in the lymph col- 
lected under the conditions of this experiment does not contain detect- 
able quantities of C™ (1). 

The C contents of these fractions were measured by the direct mount- 
ing technique of Entenman et al. (9). 

Lipide Analysis of Liver and of Feces Plus Gastrointestinal Contents— 
At the end of the experiment the animals were sacrificed and the gastro- 
intestinal contents and feces, excreted from the time of administration of 
the labeled fat, were analyzed for lipide C4 as described in an earlier re- 
port (1), which also deals with the determination of the lipide C" in the 
liver. 


Results 


Seven rats were studied. In three cannulae were introduced into the 
intestinal lymphatics, and in four, into the thoracic ducts. As a rule, 
rats so treated begin to drink about 6 hours after the operation, and to 
eat within 12 hours. After clotting had ceased to occur in the cannulae 
and lymph was flowing freely, the labeled triglyceride was administered 
by stomach tube. The interval between the insertion of the cannula and 
feeding of the test fat was about 25 hours (Table I). The animals had 
access to food throughout the entire period of observation. Rats 6 and 
7 received 1 per cent NaCl for drinking purposes during the period of 
lymph collection. The other five rats received the saline for the first 18 
to 24 hours and tap water thereafter. 

Under the influence of the saline the rats excreted about 2 cc. of lymph 
per hour (Table I). The substitution of tap water reduced the rate to 
about 1 cc. per hour. This latter value is in agreement with the rates 
reported by Bollman e¢ al. for the 200 gm. rat (10). 

Lipides of Lymph—The lipide composition of the two types of lymph is 
recorded in Table I. There was no apparent difference between the lipide 
composition of the intestinal lymph and that of the thoracic duct lymph 
obtained from rats fed fat. 
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0.7 to 1.6 gm. of fatty acids was recovered from the total lymph collected 
in 20 to 22 hours from thoracic duct or intestinal lacteals. This amount 
of fatty acids far exceeds that administered by stomach tube (less than 
0.5 gm.), but this was to be expected since the rats had access to food dur- 
ing the experiment. 

In the fed, unanesthetized rat, only about 7 per cent of the total fatty 
acids in either thoracic duct or lacteal lymph was phospholipide fatty 
acids. In the case of the anesthetized rabbit, Frélicher and Siillmann 
(11) reported that 7 to 13 per cent of the fatty acids in intestinal lymph 


TABLE 


Flow Rates and Lipide Composition of Intestinal and Thoracic Duct Lymph 
Obtained from Rats 


Total amount of | Composition of | llected 
Rat NaCl | fatty 
on replaced T 
administra- | administra- | tap water | choles-| acide - Per 
tion tion Amoun cent of 
eredt | fatty 
hrs. ce. hrs. ce hrs. mg. meg. 
1 Lacteals 25 | 43 | 22 | 22.5 24 64.2 | 1000 | 73.7) 7.4 
2 t 25 | 49 22 25.4 23 62.1 | 1096 78.2) 7.1 
3 _ 24 61 22 31.2 22 69.2 | 1572 | 108.2) 6.9 
4 Thoracic duct 29 79 20.5; 22.2 23 59.0 876 57.7) 6.6 
5 ” “ 27 | 74 | 20 | 18.1 18 62.4 | 956) 63.5) 6.6 
6 = ™ 27 29 20 57.5 23.3 742 | 57.5) 7.8 
7 os - 22 21 21 34.3) 55.4 | 1460 95.0; 6.5 


* 210 to 300 gm. in weight. 

t The stock diet was available to all rats throughout the experiment. 

t The intervals during which these amounts were recovered are recorded in the 
fifth column. 


is present as phospholipide fatty acids. Since Reinhardt et al. (12) have 
shown that, in the dog, plasma phospholipides are transferred to thoracic 
duct lymph, it is not possible to state how much of the phospholipide 
fatty acids recovered from intestinal lymph in our experiments was de- 
rived from ingested fat. 

Lymph contained from 55 to 69 mg. per cent of cholesterol in six of the 
seven rats studied. 

C'%.Labeled Lipides in Lymph—The percentages of the administered 
labeled fat absorbed are recorded in Table II. The term absorbed as 
used here refers to the difference between the amount of C"-labeled fat 
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administered and that recovered from the gastrointestinal tract and feces 
at the end of the experiment. In five of the seven rats studied, 70 to 83 
per cent of the administered palmitic acid C“ was absorbed. Rats 1 and 
7 absorbed 41 and 53 per cent, respectively. The low absorption in Rat 1 
probably resulted from an intestinal disturbance, for its stools became 
liquid after the administration of the test fat. Table II also shows, in 
confirmation of our earlier findings (1), that nearly all of the absorbed 
C* can be recovered in the fatty acid fraction of lymph obtained from either 
the thoracic duct or intestinal lymphatics. In five of the seven rats, 90 


TaBLeE II 
Fatty Acid C* Recovered in Lymph after Enteral Administration of Palmitic 
Acid.1-C' 

The palmitic acid labeled in the carboxy] position with C' was administered as 
the tripalmitin dissolved in 0.5 ce. of corn oil at body temperature by intragastric 
intubation. Each rat received approximately 4 mg. of radioactive tripalmitin 
containing 1 X 10° ¢.p.m. per mg. 


Per cent of absorbed palmitic Per cent of lymph fatty acid C™ 
acid C™ red in 


Rat No. | — | 

| eg ee s In lymph as In liver as | Phospholipide | Non-phospholi- 
| fatty acid C4 lipide C¥ fraction pide fraction 

it 40.8 | 0.75 3.7 96.3 

2 77.5 96.7 

3 $2.2 96.4 

4 | 83.3 92.8 0.36 ! 2.3 97.7 

5 90.7 | 97.0 

6 70.3 63.3 0.36 | 3.7 96.3 

7 52.7 96.5 0.51 | 3.1 


| 96.9 


* Absorbed refers to the difference between the amount administered and the 
amount recovered from the feces and intestinal contents. 
+t This rat developed diarrhea after the administration of the labeled fat. 


per cent or more of the absorbed C' was present as fatty acid C™ in the 
collected lymph. 
Not more than 4 per cent of the C'4-labeled fatty acids recovered from 


both intestinal and thoracic duct lymph had been incorporated into phos- 
pholipides. 


DISCUSSION 


The finding that 96 per cent of the labeled fatty acids in lymph was 
present in non-phospholipide form again emphasizes the unimportance of 
phospholipides as vehicles for fatty acid transport. It is also of interest 
to note that very little of the lymph fatty acids is carried in the form of 
cholesterol esters. Even if we assume that all of the cholesterol in lymph 
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is esterified, carriage in this form could account for, at most, 1.5 per cent 
of the non-phospholipide fatty acids contained in lymph. It would ap- 
pear from these observations, as well as from those made earlier by Gold- 
man et al. (2), that fatty acids are transported chiefly in forms other than 
phospholipides. 

The results obtained also bear on the site of formation of plasma phos- 
pholipides. Our earlier studies with fasted, liverless dogs indicate strongly 
that the liver is the chief site for the formation of plasma phospholipide 
(2, 13, 14). This was shown in experiments carried out with P® and with 
C-labeled palmitic acid. But the significance of the small intestine as 
a contributor to plasma phospholipides during fat absorption was not 
satisfactorily settled. The present findings show that, during the absorp- 
tion of fat, it is possible for intestinal lymph to contribute phospholipides 
to plasma. Although the indications are strong that the intestinal lymph 
phospholipide containing the C"-fatty acids was synthesized in the small 
intestine, the possibility that it was formed in part elsewhere (liver or 
mesenteric lymph nodes) is, of course, not ruled out. The extent to which 
the small intestine serves as an extrahepatic site for plasma phospholipide 
formation during fat absorption is being investigated. 


SUMMARY 


1. The present study was undertaken to test the participation of lymph 
phospholipides as vehicles for the transport of an absorbed, long chain 
fatty acid from the small intestine to plasma. Palmitic acid, the carboxy! 
carbon of which was labeled with C™, was fed to rats in which cannulae 
had been introduced into the intestinal lymphatics or thoracic ducts. As 
much as 96 per cent of the C-labeled fatty acids recovered in the lymph 
obtained from these two sources was present in forms other than phos- 
pholipides. The conclusion is drawn that phospholipides are not impor- 
tant transport forms for absorbed palmitic acid. 

2. The contribution of the small intestine to the synthesis of plasma 
phospholipides during fat absorption is discussed. 
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RELATIONSHIP OF CO, FIXATION TO CARBOHYDRATE 
METABOLISM IN RETINA* 


By ROBERT K. CRANEf anp ERIC G. BALL 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, November 8, 1950) 


It was shown in a previous paper (8) that the incorporation of carbon 
dioxide into organic linkage by cattle retina proceeded at a uniform rate 
under aerobic conditions when pyruvate was the only substrate supplied. 
Under anaerobic conditions, however, a uniform rate was observed only 
so long as a supply of glucose was present during the incubation. These 
observations reflect the need for a coupling of the incorporation reaction 
to a process yielding energy. In avian tissue extracts there have been 
described two types of reactions capable of furnishing energy for the 
fixation of CO,. One of these, analogous to the Wood-Werkman reaction 
(11, 13), requires a supply of adenosinetriphosphate (ATP); the other, 
discovered by Ochoa and his coworkers (9), involves a coupled oxidation- 
reduction reaction mediated by triphosphopyridine nucleotide (TPN). 
We describe here experiments employing inhibitors which bear on the rdle 
of these two processes in furnishing energy for the fixation of CO, by in- 
tact mammalian retina. 


Methods 


All procedures were carried out as previously described (3). The in- 
hibitors were added as a part of the initial medium. The tissue, glucose, 
and the radioactive bicarbonate solution were added subsequently and in 
the order named. In brief, the method depends upon the formation of 
radioactive pyruvate from C'*-labeled carbon dioxide and unlabeled pyru- 
vate by way of the ‘dicarboxylic acid shuttle.” The rate of carbon 
dioxide fixation is followed by observing the increase in the specific radio- 


activity of the residual pyruvate when isolated as the 2,4-dinitrophenyl- 
hydrazone derivative. 


*A preliminary report of this paper has been made (Federation Proc., 9, 163 
(1950)). 

+t A part of this work was completed during the tenure by Robert K. Crane of a 
predoctoral fellowship in Medical Sciences under the Atomic Energy Commission. 
Present address, Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis. 
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Results 


Studies with 3 ,5-Dinitro-o-cresol—The possible réle of energy-rich phos- 
phate compounds in the fixation of carbon dioxide by retina has been stud- 
ied by the use of 3,5-dinitro-o-cresol (3,5-DNC). Compounds of this 
type have been shown (7) to prevent the production of energy-rich phos- 
phate bonds without interfering with the oxidation-reduction reactions 
which furnish the energy for their formation. Indeed, a striking stimula- 
tion of oxygen consumption has been observed in their presence (2). 


TABLE I 
Effect of 3,&-Dinitro-o-cresol on Retinal CO, Fization 
Aerobic Anaerobic 

3,5-DNC = Glucose absent Glucose absent Glucose ain 

Q° Per cent Q° Q° Per cent 
moles per I. uM per mg. 
0 1.01 3.28 | 1.75 2.75 
10-¢ 1.85 +6 
5 X 10-5 1.31 2.71 | ~17 | 
10-5 1.7 | —3 2.8 +2 
5 xX 10-5 1.28 1.68 | —49 | 
10-4 | 15 | —14 2.35 —15 
5 X 10 | 1.14 1.55 — 53 | | 
10-3 | | | 13 —2 1.9 —3l 


Standard medium (3); gas phase, 5 per cent CO, + 95 per cent O2 or N2; dura- 
tion, 2 hours; glucose concentration, when present, 0.005 m. 
*Q = microliters of CO, incorporated per mg. of dry weight per hour. 


The data given in Table I show the effect of 3,5-DNC on carbon dioxide 
fixation in retina under aerobic and anaerobic conditions. Under aerobic 
conditions an inhibition of CO, fixation begins at low concentrations of this 
compound. However, as the concentration increases, the extent of inhibi- 
tion levels off at approximately 50 per cent and remains at this level even 
when the concentration of 3,5-DNC reaches a value which is reputed to 
cause complete inhibition of aerobic phosphorylation (1). The increased 
rate of pyruvate utilization in the presence of 3,5-DNC indicates that 
oxidative processes have been stimulated. Under anaerobic conditions 
3,5-DNC is a less effective inhibitor of CO, incorporation. Inhibition 
does not begin until concentrations of 3,5-DNC are reached which are 
sufficient to cause maximal inhibition under aerobic conditions. Even 
when concentrations of the inhibitor reach 0.001 m, the extent of inhibition 
under anaerobic conditions remains in the neighborhood of 30 per cent. 
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These results suggest that the production of energy-rich phosphate com- 
pounds does play some réle in CO, fixation reactions in retina, but by no 
means a predominant réle. Indeed, under anaerobic conditions they would 
appear to play a minor réle. It should be noted in this connection that the 
normal rate of CO, fixation in the absence of added glucose is always less 
anaerobically than aerobically. The respective rates under conditions of 
maximal inhibition by 3,5-DNC tend, however, to approach one another 
and suggest the presence of a basic uninhibited reaction furnishing energy 
for CO, fixation by means not requiring the production of energy-rich 
phosphate bonds. An alternative hypothesis to this would be that some 


TABLE II 


Effects of Arsenate and Iodoacetate on Anaerobic COz Fixation by 
Cattle Retina 


| i 
Glucose present Inhibitor present | Q Per cent change 


0.01 M arsenate 


| 

~ + 1.0 | 
2 + ~ | 3.1 

+ + | 2.55 —18 

0.001 Mm iodoacetate 

4 1.35 

_ + 2.4 +78 
2 ~ + | 2.17 

| + | + | 2.21 +1.4 


Experimental conditions as given for Table I. 


anaerobic process of phosphorylation is insensitive to 3,5-DNC. The 
data to be presented in the next section do not favor the latter inter- 
pretation. 

Studies with Arsenate and Iodoacetate—Arsenate inhibits the production 
of energy-rich phosphate bonds in the triosephosphate dehydrogenase re- 
action of the Meyerhof cycle (8) without blocking the oxidation-reduction 
reactions of the cycle. The results of the addition of arsenate in two ana- 
erobic experiments, one in the presence and the other in the absence of 
glucose, are shown in Table II. 

It can be seen that arsenate causes but a small inhibition of CO, fixation, 
indeed somewhat less than that produced by 3,5-DNC. The production 
of ATP in the oxidative step of glycolysis is thus not the predominant source 
of energy under anaerobic conditions. In the presence of arsenate the 
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production of energy-rich phosphate from phosphopyruvate remains a 
possible source of anaerobic energy. However, if oxidation of glucose 
continues in the presence of arsenate, then all the energy-rich phosphate 
produced from phosphopyruvate would be required merely to furnish 
hexosediphosphate as substrate for the next cycle. 

These results caused us to focus our attention on the oxidation-reduc- 
tion reactions of the glycolytic cycle. These reactions may be completely 
blocked by appropriate concentrations of iodoacetate. The data given 
in Table IT show that anaerobic CO, fixation is actually more rapid in the 


TaBLeE III 


Comparison of Effect of Iodoacetate on Glucose Utilization and Carbon 
Dioxide Fixation by Catile Retina under Anaerobic Conditions 


Per cent change in rate 
Concentration of iodoacetate 
Glucose utilization COs fixation 
moles per l. 
0 0 0 
10-5 —14 
3.3 X 1075 —23 
6.6 1075 —71 
10-4 —88 0 
3.3 —97 +54 
6.6 —93 +58 
10-8 —100 +57 
+30 


Experimental conditions as given for Table I except that glucose utilization was 
measured for 1 hour, CO; fixation for 2 hours. Glucose utilization and CO; fixation 
determined in separate experiments. Uninhibited glucose utilization = 73 y per 
mg. of dry weight per hour. Control rate of CO; fixation, Q = 1.0. 


presence of iodoacetate than in its absence. Furthermore, the addition 
of glucose has no effect on the rate when iodoacetate is also present. 

This action of iodoacetate prompted us to study in more detail the 
relationship between inhibition of glucose utilization by this compound 
and the increase in CO, fixation rate. In one experiment cattle retina were 
incubated with a known amount of glucose and varying concentrations of 
iodoacetate in the standard medium. The total reducing substance re- 


maining at the end of 1 hour was analyzed by the ferricyanide method of | 


Folin and Malmros (4). In another experiment the rate of CO, fixation 
at various iodoacetate levels was determined. The results of these experi- 
ments are shown in Table III. The data show that increases in the iodo- 
acetate concentration progressively block glucose utilization until nearly 
complete inhibition is obtained at 3.3 X 10-*m. It is at this very concen- 
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tration of iodoacetate that the first enhancement of CO; fixation is observed. 
Moreover, the enhancement is maximal at this concentration and does 
not increase with further increases in the iodoacetate concentration. These 
data support the conclusion that iodoacetate enhances CO; fixation by 
virtue of its ability to inhibit glycolysis. A plausible explanation for this 
action is that iodoacetate by blocking glycolysis conserves available tissue 
stores of glycogen or hexose esters for a specific reaction furnishing energy 


Xx 1000 


on 


+ |ODOACETATE 


PER MILLIGRAM ORY RESIDUE 


COUNTS/MINUTE /MILLIMOL 2,4-DNPH 


CONTROL 
5 is 2 
HOURS 


1. Time-course of CQO; fixation 


TaBLeE IV 
Glycogen Content of Cattle Retina As Prepared for Incubation 

G 

gm. mg. mg. _ © per mg. wel weight 

3.455 3.65 3.4 0.98 

3.605 3.35 3.1 0.86 


for CO, fixation. Such a reaction could be that involving glucose-6-phos- 
phate dehydrogenase and TPN. 

A study of the time-course of the CO, fixation rate in the presence of 
iodoacetate lends support to this suggestion. The results of this experi- 
ment are shown graphically in Fig. 1. Here, it is seen that the presence of 
iodoacetate serves to maintain the initial incorporation rate throughout 
the Ist hour. In its absence, however, there is an immediate and progres- 
sive decline in rate. It is of interest that extrapolation of the initial 
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straight portion of the curve obtained in the presence of iodoacetate to 
2 hours gives a value which is 2.24 times the 2 hour level of radioactivity 
in the absence of iodoacetate. The average ratio of the rate of CO, fixation 
in the presence of glucose to that in the absence of glucose throughout this 
study was 2.26. One of the chief sources of substrate for the glucose-6- 
phosphate dehydrogenase system in an iodoacetate-inhibited system would 
be glycogen. Analyses for this compound were performed in duplicate 
on pools of six cattle retina by the method of Good, Kramer, and Somogyi 
(5). The results are given in Table IV. The average glycogen content of 
the cattle retinas as prepared for incubation was found to be 0.92 y per 
mg. of wet weight. This content is probably less than would be found in 
retinas obtained fresh from the animal. Although not large in amount, 
this glycogen is sufficient to provide enough glucose-6-phosphate for the 
total fixation of CO, observed in the presence of iodoacetate if it is assumed 
that 2 molecules of reduced TPN are obtained from each molecule of ester 
metabolized.!_ Such an assumption would appear reasonable in the light 
of Horecker’s (6) recent findings. 


DISCUSSION 


Evidence for the coexistence of two pathways for the fixation of CO, 
into dicarboxylic acids has been found by Utter (10) using dialyzed extracts 
of pigeon liver. Utter suggests that fixation by both pathways occurs 
through a single common precursor of unknown structure, as illustrated 
by the following diagram, where X represents the common precursor. 


NH 
Pyruvate + CO, — X = "+ malate 


| arp 


Oxalacetate 


Although Veiga Salles et al. (12) have shown how the fixation of CO, into 
oxalacetate may also be accounted for by its production through a DPN- 
linked oxidation, Utter’s findings cannot be explained on this basis. In 
the case of the intact retina as presented here, the data suggest that both 
ATP and reduced TPN play rdéles in CO, fixation. Although there is 
nothing in our data that is inconsistent with a sequence of events such as 


1 For example, in an experiment with two retinas having a total wet weight of 
1.77 gm., a Y incorporation value of 2.41 was found in the presence of iodoacetate. 
This corresponds to the fixation of 1.94 um of CO, in the 2 hour period of the experi- 
ment, at which time incorporation was virtually at an end. The glycogen content 
of these retinas, calculated on the basis of the data given in Table IV, would cor- 
respond to 0.97 um of glucose. 
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postulated by Utter, the exact réle of ATP in retinal CO, fixation is not 
clear from the experiments presented. The possibility exists that ATP 
may not act directly to cause the production of oxalacetate, but may serve 
to phosphorylate some substrate for a reaction which produces reduced 
TPN, and in this indirect manner may serve to drive the incorporation 
reaction. If this latter situation prevails, then under aerobic conditions 
it seems unlikely that glucose is the substrate in question, since glucose is 
not present in the medium in sufficient quantity to maintain fixation for 
the long periods observed. 

Most clearly evident from the results presented here is the fact that CO, 
fixation in retina can proceed under certain circumstances without the 
concomitant production of ATP. The ability of iodoacetate to enhance 
the rate of CO, fixation anaerobically shows this and strongly suggests 
that the TPN-linked glucose-6-phosphate dehydrogenase is involved. 
Whatever the system, it is evident that anaerobic fixation is intimately 
linked to it and to carbohydrate metabolism. It is clear, however, that, 
if glucose-6-phosphate is concerned, anaerobic fixation is independent of 
ATP production only so long as a supply of glycogen is available. In the 
long run, ATP production is essential, since glycogen stores are not in- 
exhaustible. 

From our experiments it can be concluded that the initial stages of carbo- 
hydrate metabolism can furnish all the means necessary for the production 
of the dicarboxylic acids so essential to the further oxidation of the prod- 
ucts of glycolysis. 


SUMMARY 


‘The effect of various inhibitors on the fixation of CO, into dicarboxylic 
acids by intact cattle retina under aerobic and anaerobic conditions tn 
wtro has been studied. Aerobically 3 ,5-dinitro-o-cresol inhibits fixation 
by approximately 50 per cent, suggesting the direct or indirect participa- 
tion of energy-rich phosphate bonds in the process. This compound, as 
well as arsenate, inhibits anaerobic fixation to a smaller extent. Under 
anaerobic conditions, the presence of iodoacetate in concentrations just 
sufficient to block glycolytic processes causes a marked increase in the rate 
of CO, fixation. It is suggested that glucose-6-phosphate arising from 
glycogen is spared by iodoacetate for the production of reduced TPN, and 
that fixation of CO, occurs under such conditions through the malic enzyme 
system of Ochoa. 


The authors wish to thank Dr. A. Kk. Solomon for providing facilities 
and technical assistance for the radioactivity assays. 
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ISOLEUCINE AND VALINE METABOLISM OF 
ESCHERICHIA COLI 


I. GROWTH STUDIES ON AMINO ACID-DEFICIENT MUTANTS* 


By H. EDWIN UMBARGER¢ J. HOWARD MUELLER 


(From the Department of Bacteriology and Immunology, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 29, 1950) 


The formation of the dicarboxylic amino acids and of alanine from the 
intermediates of carbohydrate metabolism has been firmly established by 
many workers. Very little is known, on the other hand, about the bio- 
synthesis of other amino acids. A combination of isotope studies and 
experiments with biochemically deficient mutants of microorganisms has 
more recently revealed interconversions between certain pairs of amino 
acids such as serine and glycine (1) and cystine and methionine (2). 
However, less attention has been given to amino acids containing non- 
polar residues such as leucine, isoleucine, and valine, possibly because no 
metabolic function has been established for them other than their réle 
as constituents of protein. 

Interest in the biosynthesis of valine and isoleucine increased when 
Bonner et al. (3, 4) described a Neurospora mutant requiring both of these 
amino acids. Evidence was presented that this mutant was genetically 
unable to aminate a-keto-8-methyl-n-valeric acid, the a-keto acid analo- 
gous to isoleucine. The latter was believed to accumulate and inhibit 
the amination of a-ketoisovaleric acid, the a-keto acid analogous to valine, 
thus resulting in a secondary requirement. 

Recently, Adelberg and Tatum (5, 6), working with this organism, have 
isolated not the keto acid analogue of isoleucine, but rather the a,{- 
dihydroxy analogue, and have offered strong evidence that this compound 
was a precursor to isoleucine. ‘These workers agree in principle with the 
mechanism proposed by Bonner, except for the fact that the dihydroxy 
rather than the keto analogues are involved. 


* This work was supported in part by funds received from the Eugene Higgins 
Trust and by a grant from the American Cancer Society. A preliminary report of 
this work was presented before the Society of American Bacteriologists, Baltimore, 
May, 1950. 

t Research Fellow of the National Institutes of Health, United States Public 
Health Service. The studies reported in this paper were taken from a thesis sub- 
mitted by this author to the Faculty of the Graduate School of Arts and Sciences 
of Harvard University, Division of Medical Sciences, in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy. 
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The demonstration by Feldman and Gunsalus (7) that isoleucine and 
valine both serve as amino group donors in transamination reactions in at 
least some microorganisms would indicate that the corresponding keto 
acids deserve further investigation regarding their réle as intermediates in 
biosynthesis. It is felt that the work carried out in this laboratory may 
have an important bearing on this problem. 

In the present paper, several mutants of Escherichia colt are described 
which were isolated following ultraviolet irradiation and which were de- 
ficient in their capacity to synthesize isoleucine. —Two mutants were 
studied in some detail, one requiring isoleucine and valine and the other 
only isoleucine. The accumulation of the keto acids corresponding to 
isoleucine and valine in culture fluids of the latter mutant will be de- 
scribed in the following paper (8). 


EXPERIMENTAL 


Growth Measurement—Quantitative studies on the growth response were 
usually performed with 3 ml. cultures prepared in Wassermann tubes. 
When it was desired to compare anaerobic and aerobic growth, 10 ml. 
cultures were prepared in 125 ml. flasks and shaken on a Camp type 
shaking machine, duplicate cultures being incubated in 5 X ? inch culture 
tubes. 

The incubation time was in every case 24 hours at 37°. After adding 
dilute HCl to convert the phenol red indicator to its yellow (acid) 
color, turbidity measurements were made at 590 my with a Coleman 
spectrophotometer model 11 which had been adapted for the use of 
matched Wassermann tubes. 7 

Basal Medium—The minimal medium employed was that of Davis (9), 
the only modification being the addition of 0.00045 per cent phenol red. 
All additions except glucose were made before autoclaving the medium 
for 10 minutes at 10 pounds pressure. 

Materials—pu-Isoleucine and pi-valine were Hoffmann-La Roche prep- 
arations. The p- and L-amino acids used in a few cases were a gift from 
Dr. J. P. Greenstein to this department. 

a-Ketoisovaleric acid was obtained by hydrolysis of the diethyl ester of 
dimethyloxalacetic acid by the method of Mebus (10). This ester was 
prepared by the method of Hudson and Hauser (11). 

The phenylhydrazone of this keto acid was prepared in the cold by 
treating 1 part of an aqueous solution containing 100 mg. per ml. with a 
solution containing 1 part of phenylhydrazine, 1 part of glacial acetic 
acid, and 1 part of distilled water. The crystals were recrystallized from 
a water-alcohol mixture after an alcoholic solution was clarified with 
norit. The melting point with a Fisher-Johns melting point block was 
144—146° (uncorrected). Abderhalden and Rossner report 143° (12). 
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a-Keto-8-methyl-n-valeric acid was similarly prepared by the hydrolysis 
of diethyl ethylmethyl oxalacetate according to Rassow and Bauer (13). 
The general method of Hudson and Hauser was extended to the synthesis 
of this ester by the condensation of diethyl oxalate with the sodium 
enolate of the ethyl ester of methylethylacetic acid. The phenylhydra- 
zone of the a-keto-8-methyl-n-butyric acid thus obtained melted between 
132-134° (uncorrected). This compares favorably with the value of 
132—133° obtained by Wislicenus and Silberstein (14). 

Organisms—The parent organism used in this study was strain K-12 of 
E. coli.1 Biochemically deficient mutants were obtained from ultraviolet 
irradiated suspensions with the aid of the penicillin selection method of 
Davis (9). When screened for their nutritional requirements by the 
auxanographic method (15), strain 11A16 was shown to require isoleucine 
and strain 20A19 both isoleucine and valine. Other mutants not studied 
in detail were obtained in the same manner and are described in Table II. 


Results 


Qualitative Observattions—The parent strain, K-12, has long been known 
to be inhibited in its growth by valine and its a-keto acid analogue (16). 
This property is also characteristic of the culture maintained in this 
laboratory. The demonstration that a-keto-8-methyl-n-valeric acid as 
well as isoleucine was able to antagonize valine and a-ketoisovaleric acid 
inhibition emphasizes again the close interrelationship of isoleucine and 
valine metabolism. 

By using the auxanographic method, it was shown that only L-iso- 
leucine permitted growth of strain 11A16. p-Isoleucine was inactive. 
Strain 20A19 was shown to require both L-valine and L-isoleucine; how- 
ever, either or both of the corresponding keto acids could be utilized. 
The p isomers of valine and isoleucine were inactive as growth factors for 
strain 20A19. p- and t-alloisoleucine were not available for examination. 
These results indicate that strain .20A19 is genetically blocked at a point 
in the biosynthesis of isoleucine prior to that in strain 11A16. 

Additional evidence that the mutants were blocked at different points 
was obtained when it was shown that strains 11A16 and 20A19 were 
able to grow syntrophically (17) on minimal agar plates. Slow growth 
occurred only when the two strains were close together. 

Quantitative Growth Response of Strain 11A16—When cultures of strain 
11A16 were grown in tubes containing increasing concentrations of pDL- 
isoleucine, a growth level which is maximal for the wild strain or other 
mutants was not obtained. However, the addition of valine to the 


1 We are indebted to Dr. Bernard D. Davis, United States Public Health Service, 
Tuberculosis Research Laboratory, New York, for supplying us with this organism. 
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medium did permit full growth. In shaken cultures (highly aerobic), no 
effect of valine could be detected and full growth resulted with isoleucine 


.4- 


EXTINCTION 


© FLASKS 
x FLASKS + 207 DL-VALINE /ML. 
O TUBES 
TUBES + 20y DL-VALINE/ML. 


La 


10 20 


y DL-!ISOLEUCINE/ML. 


Fig. 1. Growth response of the E. coli mutant 11A16. Solid line, shaken 
(aerobic) culture with and without valine; broken line, tube (anaerobic) cultures 
without valine; dotted line, tube cultures with valine. 


TaBLe I 


Inhibition and Its Reversal in Strain K-12 


Antagonist 

Inhibitor t-Isoleucine | 

| Inhibitor Inhibitor 

| | Antagonist | | Antagonist 

uM per mi | pM per ml | uM per mi 

L-Valine 0.021 | 0.00065* 32 0.0033 6.4 
0.042 0.0017 25 0.0112 3.8 
0.085 | 0.0035 25 0.0112 7.6 
0.171 — 0.0050 34 0.0112 15.2 
a-Ketoisovaleric 0.036 0.0019 19 0.0046 7.8 
acid 0.072 0.0035 21 0.0105 6.9 
0.145 0.0061 24 0.0204 7.1 
| 0.290 0.0141 21 0.0380 7.6 


! 


* These values obtained by interpolation of experimental curves at the point of 


half maximal growth. 


alone. The results of such an experiment are shown in Fig. 1. The 
difference in the highest growth levels obtained in flasks and in tubes 
containing valine is due to the depression of acidic metabolic end-products 
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by oxygen. This is the Pasteur effect and is i Saenn of the point 
under consideration. 

Quantitative growth studies are now in peeaeene on mutant strain 
20A19, requiring isoleucine and valine, and the findings will be presented 
in a later paper. It may be stated, however, that strain 20A19 could 
obtain maximal growth with isoleucine and valine or the corresponding 
keto acids. The results obtained thus far indicate a complex series 
of interactions between the biosynthetic pathways of valine and _iso- 
leucine (18). 

Growth Inhibition of FE. coli, Strain K-12—Observations were made on 
the inhibition of growth of the parent strain K-12 by valine and a-keto- 
isovaleric acid and its reversal by isoleucine and a-keto-8-methyl-n-valeric 
acid. The data presented in Table I were obtained from a series of ex- 
perimental curves. They are submitted merely as empirical observations 
and little interpretation will be offered. 

It is worthy of note that the antagonisms between the two amino acids, 
between the two keto acids, and between isoleucine and the a-keto acid 
analogous to valine are of the competitive type. The release of valine 
inhibition by a-keto-3-methyl-n-valeric acid, however, was much different. 
In this case, above a certain level of valine, the a-keto-8-methyl-n-valeric 
acid required for half maximal growth was not increased with increasing 
inhibitor concentration. 


DISCUSSION 


E. coli mutant 11A16 may be characterized by its inability to grow 
in a minimal medium unless isoleucine is added. The requirement for 
isoleucine cannot be satisfied by its a-keto acid analogue, indicating that 
strain 11A16 is genetically blocked in the conversion of the keto acid to 
isoleucine. Furthermore, there is a secondary requirement for valine in 
this organism, since maximal growth is not obtained unless valine is also 
present. It is perhaps significant that this partial requirement for valine 
can be abolished when growth occurs under highly aerobic conditions, 
though the reason for this is not clear. The valine requirement cannot be 
fulfilled by the corresponding keto acid. 

Thus, in the organism described here, a genetic block in isoleucine 
synthesis between a-keto-8-methyl-n-valeric acid and the amino acid has 
resulted in a metabolic block in the corresponding site in valine synthesis. 
It has further been demonstrated that in partially anaerobic cultures the 
two a-keto acids analogous to isoleucine and valine accumulate (8). 

Therefore it would seem that the accompanying diagram must be ac- 
cepted as the mechanism for the growth requirements of strain 11A16. 
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Strain 20A19 Strain 11A16 
— C.H,—CH—CO—COOH | — 


(A) 


CH; NH: 
Strain 20A19 
| 
—— CH;—CH-—CO—COOH —> 
(A’) (C) CH,;—-CH—CH—COOH 
CH; 


CH; NH, 


B represents the genetic block in strain 11A16, and C represents the 
inhibition of a-ketoisovaleric acid amination by the accumulation of a- 
keto-6-methyl-n-valeric acid. ‘This diagram is analogous to that proposed 
by Bonner (4) for the Neurospora strain 16117. With the discovery of 
the dihydroxy acids in this mutant (6), the diagram has been shown to 
be correct for Neurospora in principle only. 

It must be emphasized that the appearance of the secondary require- 
ment is delayed until an appreciable cell concentration is reached. Con- 
ceivably this occurs because a critical concentration of a-keto-8-methyl- 
n-valeric acid must accumulate before interference with valine synthesis 
takes place. That the time element is important is shown by the fact 
that culture filtrates of strain 11A16 contain virtually no demonstrable 
keto acids after 24 hours incubation. After 48 hours, both keto acids 
are readily demonstrated (19). 

The lack of a secondary requirement in highly aerobic cultures has not 
been explained by experiment. Both keto acids have been shown to 
accumulate, though in this case the filtrates are not inhibitory to the 
wild strain, as has been reported for filtrates of tube cultures. Apparently 
the organism is able to overcome the growth-inhibitory action of the 
accumulating a-keto-8-methyl-n-valeric acid when ample aeration is sup- 
plied. The nature of this phenomenon is under investigation. 

Returning again to the accompanying diagram, A and A’ represent 
the block in strain 20A19. This may indicate a common precursor, in 
which case A and A’ are identical and represent a single genetic block. 
It may also be true that either A or A’ is a metabolic block arising in 
consequence of a genetic block at the other site. This is the case with 
strain 11A16, the probable genetic block (inability to aminate a-keto-f- 
methyl-n-valeric acid) being represented by B and the probable metabolic 
block by C (inhibition of a-ketoisovaleric acid amination by a-keto-8- 
methylvaleric acid). 

Other mutants available in this laboratory may yield additional infor- 
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mation concerning isoleucine synthesis. Table II lists the various mu- 
tants that require isoleucine for growth and the various compounds that 
can be substituted for isoleucine. 

Thus it may be seen that five different 4-carbon compounds may pos- 
sibly be intermediates in isoleucine synthesis. L-Threonine must, however, 
be considered as outside the direct pathway since another EF. colt mutant, 
strain 12B14, can utilize only L-threonine for growth. ‘The existence of 
the mutants listed in Table II suggests the pathway of isoleucine synthesis 
shown in the accompanying diagram. 


TaBLe II 
E. colt M ulants ts Requiring Tsoleucine and Related Compounds for Growth 


utilized for growth 


Strain No. | a-Keto-#- a-Amino- | a-Keto- a Keto-#- hy- 


| L-Isoleu- | Th Th 


° Valine or its a-keto acid analogue must also be present. 

t Isolated from a mixed culture supplied by Miss R. 8. Savat. 

t Synthesized by Dr. D. B. Sprinson, College of Physicians and Surgeons, Co- 
lumbia University, New York, and kindly made available to us by Dr. B. D. Davis. 


Strain RSS-60 Strain 12Bl14 
| i 


xX ——— L-threonine id 


Strain JHM-544 


@-Aminobutyric acid Strain 20A19 
a-Ketobutyric acid 
p-Threonine 

_ a-Keto-§-hydroxybutyrie acid_, 


Strain 11A16 


a-keto-8-methylvaleric acid | — L-isoleucine 


As yet no mutants have been found which indicate the order in which 
the 4-carbon compounds in the accompanying diagram lie in the synthetic 
sequence, or whether any of them is only indirectly related. ‘The existence 
of EF. coli mutants which can utilize 4-carbon compounds in place of iso- 
leucine seems to indicate that the synthetic pathway may be similar to 
that in Neurospora, since Adelberg and Tatum (6) have demonstrated 
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that the isoleucine carbon chain arises (in the mold) from a coupling 
of a 2-carbon fragment (acetyl phosphate(?) ) and a 4-carbon compound. 

On the basis of these observations, it is tempting to assign to a-keto- 
B-hydroxybutyric acid a position closer to isoleucine than that of the 
other active 4-carbon compounds. The hydroxyketo acid would be in 
equilibrium with a-hydroxy-f-ketobutyric acid through a,f-dihydroxy- 
crotonic acid, analogous to the tautomerism described for hydroxypyruvic 
acid (20). The coupling of this 6-keto acid with acetyl phosphate would 
be analogous to the formation of citric acid from oxalacetic acid and 
acetyl phosphate (21). 

The product of this coupling would be an a,f-dihydroxy acid which, 
on the reduction of the carboxyl group, would yield a,8-dihydroxy-f- 
methyl-n-valeric acid, the compound isolated by Adelberg and Tatum. 
Dehydration would convert the dihydroxy compound to the keto analogue 
of isoleucine, found to accumulate in culture fluids of strain 11A16 (8). 
The final step in the biosynthetic chain may well be the formation of 
isoleucine by transamination, as suggested by the observations of Feld- 
man and Gunsalus (7). 


SUMMARY 


Two biochemically deficient mutants, strains 11A16 and 20A19, were 
isolated with the aid of penicillin from suspensions of Escherichia coli, 
strain K-12, which had been irradiated with ultraviolet light. When 
tested on agar plates, strain 11A16 required isoleucine for growth and 
strain 20A19 required both valine and isoleucine or the corresponding 
keto acids. The two mutants were able to grow syntrophically on a 
minimal agar plate on which neither was able to grow alone. 

Maximal growth was obtained with strain 11A16 in shaken cultures 
with isoleucine as the sole addition to the medium. In tube cultures 
(partial anaerobiosis) maximal growth was not obtained unless valine 
also was present. Evidence is presented that strain 11A16 is genetically 
blocked in its conversion of a-keto-8-methyl-n-valeric acid to isoleucine. 
The former accumulates and, in tube cultures, prevents the formation of 
valine from a-ketoisovaleric acid. 

The biosynthetic pathway of isoleucine is discussed in the light of the 
findings obtained in experiments with these and other mutants requiring 
isoleucine or one of several 4-carbon compounds. 
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ISOLEUCINE AND VALINE METABOLISM OF 
, ESCHERICHIA COLI 


II. THE ACCUMULATION OF KETO ACIDS* 


By H. EDWIN UMBARGER?{ anp BORIS MAGASANIK 


(From the Department of Bacteriology and Immunology, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 29, 1950) 


In the preceding publication (1) mention has been made of the syn- 
trophism existing between the mutant strains 11A16 and 20A19 of 
Escherichia coli. These mutants, requiring isoleucine and isoleucine plus 
valine respectively, were able to grow together on a minimal agar plate, 
free of amino acids, which would not support the growth of either mutant 
alone. The nature of this syntrophism forms the subject of the present 
communication. 

The culture fluids of strain 11A16 were found to be markedly inhibitory 
to the parent strain K-12, but this inhibition could be overcome by the 
addition of isoleucine. When the test for inhibition was carried out 
auxanographically by placing a disk of filter paper saturated with the 
strain 11A16 culture fluid on a minimal agar plate seeded with strain 
K-12, a clear zone of inhibition was found to surround the paper disk; 
however, inside this zone, close to the paper disk, a reversal of the inhi- 
bition could be observed. Similar experiments in which the isoleucine- 
and valine-requiring mutant, 20A19, was used in place of strain K-12 
indicated a zone of growth of the mutant corresponding to the zone in 
which the inhibition of strain K-12 had been reversed in the previous 
experiment. 

These observations indicated that compounds having biological effects 
similar to valine and isoleucine were accumulating in culture fluids of 
strain 11A16. In preliminary experiments carried out in an attempt to 
determine the chemical nature of these compounds and to develop pro- 


* This work was supported in part by funds received from the Eugene Higgins 
Trust and by a grant from the American Cancer Society. A preliminary report of 
this work was presented before the Society of American Bacteriologists, Baltimore, 
May, 1950. 

t Research Fellow of the National Institutes of Health, United States Public 
Health Service. The studies reported in this paper were taken from a thesis sub- 
mitted by this author to the Faculty of the Graduate School of Arts and Sciences 
of Harvard University, Division of Medical Sciences, in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy. 
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cedures suitable for their isolation, it was found that both isoleucine and 
valine activity could be removed from culture fluids by steam distillation 
and by continuous extraction with ethyl ether or n-butanol under acid 
conditions. The active principles could be removed from the ether or 
n-butanol extracts by shaking with alkali. The steam distillates and 
ether extracts were found to be free of compounds reacting with ninhydrin. 
From these experiments, it appeared that the active compounds were 
organic acids not containing amino nitrogen. 

In the isolation procedure adopted, the active components were re- 
moved from the acidified culture fluids by extraction with n-butanol, 
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Fig. 1. Counter-current distribution of strain 11A16 concentrate. Dotted line, 
valine activity. Isoleucine activity (not shown) was qualitatively demonstrated in 
Plates 4 to 11. 


from which they were in turn extracted by dilute aqueous alkali. The 
alkaline extracts were concentrated, acidified, and steam-distilled. The 
distillate was found to contain the valine and isoleucine activity originally 
present in the culture fluids. 

Counter-current distribution of the steam distillate between n-butanol 
and water resulted in a partial separation of the valine- and isoleucine- 
active components from one another and from the bulk of the other 
volatile acids. The titratable acidity and valine activity of the fractions 
are shown in Fig. 1. 

The fractions containing the active components were subjected to paper 
chromatography in four solvent systems and the positions of the keto 
acids on the chromatograms were determined by development with semi- 
carbazide, as described previously (2). Fractions 4 to 11 showed two 
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spots in all the solvent systems, corresponding in position to synthetic 
(1) a-keto-8-methyl-n-valeric and a-ketoisovaleric acids, while Fraction 12 
seemed to contain the latter keto acid only. The identity of the sepa- 
rated keto acids with the compounds responsible for the isoleucine and 
valine activity of the fractions was established by cutting untreated 
paper rectangles containing the separated keto acids from the paper 
chromatograms and testing them auxanographically. 

Although filter paper chromatography has not as yet been accepted as 
rigorous proof of the identity of chemical compounds, it is felt that the 
failure to separate the synthetic and naturally occurring compounds in 
four distinct solvent systems constitutes impressive evidence that the 
a-keto acids analogous to valine and isoleucine were present in culture 
filtrates from strain 11A16. However, in the case of the former com- 
pound, it was possible to supplement this evidence by the more tra- 
ditional chemical procedures. The phenylhydrazone of the keto acid was 
prepared from the material in Plate 10 of the counter-current distribution 
experiment and found to have a melting point and ultraviolet absorption 
spectrum identical with those of synthetic a-ketoisovaleric acid. 

The attempt to identify the accumulating keto acid showing isoleucine 
activity as its phenylhydrazone was unsuccessful because insufficient ma- 
terial was available.': ? 

These keto acids have been shown to fulfil the valine and isoleucine 
requirements of the mutant strain 20A19 (1). Thus one phase of the 
syntrophic effect can be explained. Strain 11A16 excreted into the agar 
medium the only two metabolites which strain 20A19 is unable to synthe- 
size. It was also shown that, with excess a-keto-8-methyl-n-valeric acid, 
strain 20A19 was able to convert it into isoleucine and to excrete a portion 
of the latter into the medium, where it was readily observed by filter 
paper chromatography. Concomitantly, the keto acid was shown to 
disappear. Thus strain 20A19, after being supplied with the keto acid 
analogues of valine and isoleucine by strain 11A16, in turn supplied strain 


1 It is hardly to be expected that the phenylhydrazone of naturally occurring 
a-keto-8-methyl-n-valeric acid and the phenylhydrazone of the synthetic keto acid 
have identical melting points. The synthetic compound is a racemic mixture, while 
the natural compound is, in all likelihood, a single optical isomer. This factor, of 
course, did not interfere with the identification made by partition chromatography 
on filter paper with optically inactive solvents. Whether the naturally occurring 
keto acid is indeed optically active remains to be determined. 

2 It is characteristic of tube cultures (anaerobic) of strain 11A16 that a-keto- 
isovaleric acid is in excess (hence, their inhibitory quality to the wild strain K-12). 
Shaken cultures have been shown to accumulate the keto acids also. The propor- 
tion of these keto acids in filtrates of shaken cultures apparently is such that the 
filtrates are not inhibitory to the wild strain. Rather, these filtrates are predomi- 
nantly isoleucine-active. This problem is under investigation. 
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11A16 with its missing metabolite, isoleucine, the result being the syn- 
trophism observed. 

The demonstration of a-ketoisovaleric and a-keto-8-methyl-n-valeric 
acids in culture filtrates of the E. coli mutant, strain 11A16, genetically 
blocked in its conversion of the latter keto acid to isoleucine, offers pre- 
sumptive evidence that the keto acids are in the direct metabolic pathway 
in isoleucine and valine synthesis. ‘These findings indicate that the 
mechanism, postulated by Bonner (3) for Neurospora, has been rigorously 
demonstrated as occurring in E. colt. 


EXPERIMENTAL 


Materials—The basal medium, organisms, amino acids, and keto acids 
were the same as those described previously (1). 

Culture Filtrates—A 40 liter culture of mutant 11A16 was grown in a 
50 liter round bottom flask. Growth was limited by the concentration of 
pL-isoleucine added to the medium (6 y per ml.). After 4 days incuba- 
tion, the cells were removed by centrifugation in a Sharples supercentri- 
fuge. The filtrate was made acid to Congo red, saturated with sodium 
chloride,* and extracted five times by shaking with n-butanol. 

The butanol extraction removed about 90 per cent of the activity from 
the culture filtrate. A further concentration was effected by extraction 
with sodium hydroxide solution; this was acidified with 50 per cent H.SO, 
and stored in the cold room. In the cold, a crystalline mass of inorganic 
salts precipitated, which were removed by filtration. The acidic solution 
was extracted continuously with ether for 48 hours. The ether extract 
was then saturated with water and the ether removed by vacuum distil- 
lation. 

By these procedures, the active components were concentrated to a 
volume of about 60 ml. One-half of this concentrate was made acid to 
Congo red and steam-distilled. A total volume of 900 ml. was collected 
in 100 ml. portions. The first 100 ml. contained by far the greater portion 
of the active components. 

This portion was extracted continuously with ether for 48 hours and 
the ether removed in vacuo. The acid mixture thus obtained was diluted 
to 100 ml. with water saturated with n-butanol. 

Preliminary Separation by Counter-Current Distribution-—The counter- 
current distribution was performed by passing the water phase over n- 
butanol in 250 ml. separatory funnels mounted in the shaking device 
previously used in this laboratory (4, 5). Each plate consisted of a 100 


3 Solvent extraction as well as steam distillation was found to be much more 
efficient if a high salt concentration was employed. 
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ml. aqueous phase and a 100 ml. n-butanol phase. The distribution was 
continued until twenty-four plates were obtained. 

The efficacy of the separation was judged by the distribution of acidity. 
The titratable acidity was determined with standard alkali, with phenol- 
phthalein as the indicator. The titration in a two phase system (butanol- 
water) was difficult, but with care a fairly accurate estimation of the 
acidity could be obtained. 

After neutralization the solutions were evaporated to dryness in vacuo 
and taken up in 12 ml. of distilled water. These solutions were assayed 
auxanographically (see Fig. 1). 

Filter Paper Chromatography—Amino acids were chromatographed by 
capillary ascent (6) on Whatman No. 1 filter paper with sec-butanol 
plus 5 per cent formic acid, half saturated with water, as the solvent. 
Keto acids were chromatographed by the method previously described 
(2). The solvents used were n-butanol plus 5 per cent acetic acid, n- 
butanol plus 5 per cent propionic acid, sec-butanol plus 5 per cent acetic 
acid, and sec-butanol plus 5 per cent propionic acid, the solvents in each 
case being about 90 per cent saturated with water. 

Auxanographic tests on the separated keto acids were performed by 
cutting a column from a fully developed, air-dried chromatogram and 
placing it in the form of small rectangles on agar plates seeded with the 
test organism. The position of the valine-active component could be 
detected by an inhibition zone on minimal agar plates seeded with the 
wild strain, FE. coli K-12, surrounding the filter paper section containing 
that component. The position of the isoleucine-active component could 
be detected by reversal of the inhibition zone when valine was placed in 
the vicinity of the filter paper rectangles. Alternatively, this component 
could be detected on plates containing valine and seeded with strain 
20A19 (the organism requiring both isoleucine and valine or the corre- 
sponding a-keto acids). The positions determined biologically could then 
be compared with parallel columns cut from the same chromatogram, 
sprayed with the semicarbazide reagent, and examined under ultraviolet 
light. 

a-Ketoisovaleric Acid Phenylhydrazone—The phenylhydrazones of natu- 
ral and synthetic a-ketoisovaleric acid were prepared as previously de- 
scribed (1). The melting point of each was 144-146° (uncorrected), as 
determined by a Fisher-Johns melting point block. There was no de- 
pression upon mixing. Each phenylhydrazone exhibited molar extinctions 
of 15,290, 9050, and 7520 at 332, 298, and 238 muy, respectively, in ethanol, 
with a Beckman quartz spectrophotometer, model DU. 

Formation of Isoleucine in Strain 20A19 Cultures—The mutant strain 
20A19, requiring isoleucine or its keto acid analogue in addition to valine 
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or its keto acid analogue for growth, was tested for its ability to aminate 
a-keto-8-methyl-n-valeric acid during growth. The medium containing a 
limiting concentration of pL-valine (10 y per ml.) and excess a-keto-- 
methyl-n-valeric acid (50 y of the sodium salt per ml.) was inoculated with 
strain 20A19. The filtrates from such cultures contained a factor per- 
mitting growth of strain 11A16. This factor was shown by filter paper 
chromatography to be isoleucine. It was also demonstrated that the 
a-keto-8-methyl-n-valeric acid disappeared from the medium by use of 
the usual chromatographic procedure. No attempts were made _ to 
demonstrate amination of a-ketoisovaleric acid. 


SUMMARY 


Culture fluids of the isoleucine-deficient Escherichia coli mutant strain 
11A16 were found to contain substances capable of supporting the growth 
of the isoleucine- and valine-deficient mutant strain 20A19. These sub- 
stances were identified as a-keto-8-methyl-n-valeric acid and a-ketoiso- 
valeric acid, the keto analogues of isoleucine and valine respectively. 

The syntrophism occurring between strains 11A16 and 20A19 on mini- 
mal agar plates may be explained by the accumulation of the keto acids 
by strain 11A16, supporting the growth of strain 20A19, and by a con- 
version of excess a-keto-6-methyl-n-valeric acid to isoleucine by strain 
20A19, allowing in turn the continuous growth of strain 11A16. 
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It was shown by Soodak and Cerecedo (2) that oxythiamine was toxic 
to mice maintained on suboptimal levels of thiamine. Jones et al. (3) 
have used oxythiamine as a means of producing a controlled deficiency 
state in mice with a view of studying the effect of thiamine deficiency on 
the Lansing strain of poliomyelitis virus. That oxythiamine acts as a 
thiamine inhibitor in the chick has been shown by Daniel and Norris (4). 
When neopyrithiamine became available, Eusebi and Cerecedo (5) com- 
pared its antithiamine action with that of oxythiamine. In the present 
study, we have investigated the effects of several oxythiamine derivatives. 
We also wish to report the results of experiments designed to ascertain the 
molar inhibition ratio of neopyrithiamine; 7.e., the number of moles of the 
antithiamine necessary to inhibit 1 mole of thiamine. 


EXPERIMENTAL 
Materials and Methods 


Oxythiamine was prepared by the method of Soodak and Cerecedo (2). 
Neopyrithiamine was obtained from Merck and Company, Inc., through 
the courtesy of Dr. Karl Folkers. Chlorooxythiamine was prepared ac- 
cording to the method of Buchman and Williams (6). Bromooxythiamine 
was prepared in a similar manner from oxythiamine in glacial acetic acid 
saturated with HBr. Oxythiamine monophosphate was obtained by de- 
amination of cocarboxylase in an aqueous medium and by isolation of the 
resulting product (7). 

The strains of mice employed in this study were C3H, dba, the Swiss, 
our own albino strain,! and the Rockland strain. 

The method used in testing the antithiamine activity of the compounds 
was as follows: The mice were put at weaning on a thiamine-deficient diet 


* This investigation was supported in part by research grants from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service, and from the John and Mary R. Markle Foundation. Preliminary reports 
of the present paper have appeared (1). 

t Present address, Biochemical Laboratory, Massachusetts General Hospital, 
Boston, Massachusetts. 

' We shall refer to this strain as the ‘“‘Fordham”’ strain throughout this paper. 
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consisting of purified casein (Labco) 25, sucrose 53, hydrogenated vege- 
table oil (Crisco) 10, lard 5, Osborne and Mendel salt mixture? 5, and 
roughage (Ruffex) 2 per cent. It contained, per kilo of diet, riboflavin 
10 mg., pyridoxine 10 mg., calcium pantothenate 100 mg., a-tocopherol 
40 mg., B-carotene*® 20 mg., vitamin D (Drisdol) 5000 units, and choline 
chloride 1.5 gm. The animals were kept on this diet until they started 
to lose weight. At the time they were eating 1 gm. of food or less per 
day, they were injected subcutaneously with 1 y of thiamine per day for 
1 week. This preliminary treatment served to deplete the mice and stand- 
ardize them before the injections of the antivitamins were begun. Con- 
trols were always set up and maintained on 1 y of thiamine per day. 


Results 


In the previous study of Eusebi and Cerecedo (5), the effect of oxy- 
thiamine and neopyrithiamine was compared in Swiss and C57 black mice 
at a molar ratio of antithiamine to thiamine of 50:1. Neopyrithiamine 
was found to be far more toxic than oxythiamine. ‘These experiments 
have been confirmed and extended with mice of the C3H and dba strains. 
In the case of the C3H animals, an apparent species difference in the re- 
sistance towards oxythiamine was observed. For this reason the results 
obtained with the two strains have been listed separately. ‘The data have 
been summarized in Table I. It was found that, on the whole, both the 
dba and C3H mice reacted towards a high dose of neopyrithiamine in the 
same manner as the Swiss and C57 black mice. On the other hand, the 
effect of oxythiamine in the dba and C3H strains of mice seems to indicate 
a species difference. The results obtained with the dba mice fit into the 
general pattern set by the Swiss and C57 black mice, but, in contrast, all 
of the C3H mice receiving oxythiamine at a molar ratio of 50:1 appeared 
to be more sensitive to this antagonist than were the other strains.‘ 

When oxythiamine, oxythiamine monophosphate, and neopyrithiamine 
were administered at a molar ratio of 25:1, toxic effects were noticed with 
the three compounds. Oxythiamine monophosphate showed about the 
same toxicity as oxythiamine, whereas neopyrithiamine was found to have 
& more pronounced antithiamine effect. Although oxythiamine had a 
marked detrimental effect on weight and appetite, the mice did not de- 
velop the typical polyneuritic symptoms which were obtained with nco- 
pyrithiamine. The data obtained with the Swiss, Rockland, and Fordham 
strains are summarized in Table II where the effects of these thiamine 
antagonists are clearly shown. ‘The controls in all cases were in a good 


2 The quantity of manganese was doubled. 
3 A mixture of 90 per cent 8- and 10 per cent a-carotene was used. 
4 This finding has been confirmed by Mr. Stephen Eich in this laboratory. 
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condition at the end of the 6th week, and were continued on the experi- 
ment for about 1 week after the last animal in their respective experi- 
mental groups had died. The mice receiving neopyrithiamine developed 
symptoms similar to those observed by Eusebi and Cerecedo (5) in ani- 
mals receiving this compound at a higher molar ratio. The more potent 
action of neopyrithiamine may be attributed to the fact that it is stored 
in the tissues. This was borne out in further experiments in which neo- 
pyrithiamine was employed at very low levels in an attempt to determine 


TABLE I 
Antithiamine Effect of Oxythiamine and Neopyrithiamine 
The molar ratio is 50:1. 


Substance tested Strain | No. of mice | Poaidence of | Survival time 

per cent days 

dba 4 0 13-14 

Neopyrithiamine................... a 5 100 3-6 

C3H | 6 0 4-8 

Neopyrithiamine.............. | 6 100 4-6 
TABLE II 

Antithiamine Effect of Orythiamine, Ozythiamine Monophosphate, and 
Neopyrithiamine 


The molar ratio is 25:1. 


No. of mice dead by end of 


Substance tested No. of mice 
ist wk 2nd 3rd 4th 5th 6th 
"| wk. wk. wk. wk. wk. 


monophosphate. ....... 5 2 
Neopyrithiamine.................... | 10 | 10 | 


the molar inhibition ratio for this substance. These experiments were 
carried out with Swiss and Rockland mice. The results obtained are shown 
in Table III. Judging from the survival time of the animals, the same 
effect is obtained with neopyrithiamine at a molar ratio of 5:1 as was 
found at a molar ratio of 50:1. Furthermore, the polyneuritic syndrome 
observed at the higher levels was also obtained in all cases at the lower 
levels. Even at a molar ratio of 1:1, neopyrithiamine produced typical 
paralysis in all the mice in 13 to 14 days. When the animals reach such 
a state of deficiency, death usually follows 24 to 48 hours later. It is to 
be noted that, when administered at the higher levels, neopyrithiamine 
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produces a detrimental effect on the appetite and body weight which is 
observed overnight. This is not found to be the case when a lower molar 
ratio of 1:3 or 1:1 is used with which the animals at first show no harm- 
ful effects. They may in fact show a slight gain in weight for the first 
9 to 10 days. However, on continued injection of the substance, they 
begin to lose weight rapidly and develop the symptoms of polyneuritis. 
3 to 4 days later the animals become helpless and die shortly thereafter. 
The phenomenon in the case of both oxythiamine and neopyrithiamine 
is probably one of storage and displacement of thiamine in the tissues. 


TABLE III 
Antithiamine Effect of Neopyrithiamine at Low Molar Ratios 
Molar ratio No. of mice Survival time 
days 
10:1 4 7-8 
5:1: 4 7-9 
3:1! 4 11 
1:14 12 14-16 
19. 

2 

<17} 25¥08,* 8B, 

tu 

= 

> 13 

233; 
WEEKS 


Fic. 1. Growth curve showing the antagonism between oxythiamine and thiamine 


The two compounds appear to differ, however, in the extent to which they 
_ are retained in the tissues, as shown by the results obtained on administra- 
tion of neopyrithiamine at low levels. This compound shows all indica- 
tions of having a delayed and cumulative effect. On the other hand, 
oxythiamine seems to be more rapidly metabolized. 

The competitive nature of the antagonistic action of oxythiamine is 
shown in Fig. 1, which reveals that, if the effective molar ratio of 25:1 is 
diminished either by decreasing the dose of oxythiamine in the presence 
of 1 y of thiamine or by increasing the dose of thiamine to 2 y in the pres- 
ence of 25 y of oxythiamine, the antagonistic action disappears. This in- 
dicates that a true antagonism exists between the oxythiamine and the 
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thiamine, and eliminates the possibility that oxythiamine acts merely as a 
non-specific toxic agent. 

In order to determine in what manner oxythiamine may exert its effect 
as an antivitamin, studies were carried out with chloro- and bromooxy- 
thiamine. In these substances the alcoholic hydroxyl group of the thia- 
zole moiety has been replaced by halogen. It is well known that thiamine 
is phosphorylated both in vivo and in vitro, and that it functions in the 
form of the diphosphate. Thus, by using these halogen derivatives, the 
possibility of phosphorylation in vivo would be eliminated. That chloro- 
oxythiamine has no thiamine activity was shown by Buchman and Wil- 
liams (6). 

In these experiments, the conditions were the same as those used in the 
studies with oxythiamine and neopyrithiamine. Chlorooxythiamine, when 
given at a molar ratio of 100:1, showed no antithiamine activity. The 


TaBLe IV 
Effect of Large Doses of Bromooxythiamine in Mice 

Controls 3 11.3-16.4 12.0-17.0 1.6 
50:1 | 2 10.7-12.7 12.0-15.0 1.7 
100: 1 | 2 11.8-13.2 14.5-15.3 1.8 
200: 1 | 2 11.5-16.6 14.0-17.2 1.8 
500: 1 2 11.2-12.9 12.8-13.8 1.6 


animals behaved as did the controls receiving only 1 y of thiamine per 
day. These results, indicating the underlying mechanism in the antag- 
onistic action of oxythiamine, were checked further with the bromo deriva- 
tive. This compound was employed at very high levels, ranging from a 
molar ratio of 50:1 up to 500:1, the latter concentration representing a 
molar ratio 20 times greater thari the level of oxythiamine found to be 
toxic. In this experiment, Swiss and Rockland mice were used with es- 
sentially the same results. The experimental period was 5 weeks, the 
animals receiving daily injections of bromooxythiamine during this period. 
At the end of this time no effect of this compound had been observed, and 
all the animals were therefore sacrificed. The results of this experiment 
are shown in Table IV. | 


DISCUSSION 


Thiamine is present in organisms to a great extent as the diphosphate, 
and, of course, this is the form in which it acts in the carboxylase system. 
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Buchman et al. (8) found that, in the presence of 4 y of cocarboxylase, 80 
y of the thiazole pyrophosphate inhibited the enzymatic decarboxylation 
of pyruvic acid by dried brewers’ yeast to the extent of 90 per cent. The 
thiazole moiety alone, its monophosphate ester, or sodium pyrophosphate 
produced no inhibition. They suggested that the inhibition was due to a 
competition between the coenzyme and the thiazole pyrophosphate for the 
specific carboxylase protein. The observation of Buchman, Heegard, and 
Bonner was essentially confirmed by Eusebi and Cerecedo (9), employing 
oxythiamine diphosphate. These studies were carried out on the yeast 
carboxylase system and it was observed that, in the presence of 4 y of 
cocarboxylase, 262 y of oxythiamine diphosphate produced approximately 
a 90 per cent inhibition of pyruvate decarboxylation. 

The data which we have reported here lead to the following possible 
explanations for the antivitamin properties of oxythiamine. 

If it is assumed that the oxythiamine is phosphorylated in the same man- 
ner as thiamine, then the d'fference in the action of this compound and 
that of chloro- and bromooxythiamine can be explained. This would in- 
dicate that the active form of the inhibitor may be oxythiamine diphos- 
phate. This compound would then act to inhibit the vital functioning of 
the cocarboxylase systems in a manner similar to that which we observed 
in vitro with the yeast system. This could explain its behavior as an anti- 
vitamin. 

It is common knowledge that thiamine is phosphorylated by liver and 
other tissues of the animal body. It is reasonable to expect that oxythia- 
mine may inhibit the phosphorylation of the vitamin, thereby preventing 
it from becoming functional. 

The third possibility, and one which appears most probable, is that in- 
hibition by oxythiamine is brought about in both ways. 

A recent paper by Frohman and Day (10) lends support to the mecha- 
nism of oxythiamine inhibition which we have proposed here. These 
workers made a study of the pyruvate and lactic acid levels of the blood 
of rats receiving oxythiamine. Such animals show an incapability of me- 
tabolizing pyruvate in a normal manner, as judged by the accumulation 
of pyruvate in the blood. The capacity of oxythiamine for displacing thi- 
amine from the tissues was followed by thiamine determinations in the 
urine. This displacement of the thiamine in the tissues may be brought 
about as we have proposed above. 

At the present time the manner in which neopyrithiamine exerts its 
effect in animals has not been elucidated. A recent paper by Wilson and 
Harris (11), describing the synthesis of neopyrithiamine and some of its 
properties, states that it has been found that neopyrithiamine is at least 
4 times as potent an inhibitor as the pyrithiamine used by previous work- 
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ers. However, no details are given concerning the biological action of this 
new antivitamin. 

The manner in which neopyrithiamine inhibits thiamine destruction by 
the carp thiaminase was studied by Sealock and White (12). It was found 
that, in this system, neopyrithiamine was split in much the same way as 
thiamine and was therefore inhibitory by competing for this factor with 
thiamine. 


SUMMARY 


The effects of oxythiamine, oxythiamine monophosphate, neopyrithi- 
amine, chlorooxythiamine, and bromooxythiamine on mice kept on a thi- 
amine-deficient diet and receiving 1 y of thiamine per day have been 
studied. 

Oxythiamine and neopyrithiamine have been found to be potent thi- 
amine antagonists. The more pronounced effect of neopyrithiamine seems 
to be due to the fact that it is retained in the tissues to a greater extent 
than oxythiamine. The antithiamine activity of oxythiamine monophos- 
phate is similar to that of oxythiamine. 

Our observations show that under our experimental conditions the molar 
inhibition ratio of neopyrithiamine in the mouse is 1. 

Chlorooxythiamine and bromooxythiamine, in which the hydroxyl group 
in the thiazole moiety has been replaced by halogen, administered at very 
high levels, at molar ratios of 100:1 and 500:1, respectively, showed no 
antithiamine activity. These findings demonstrate the importance of the 
alcoholic group as one of the factors determining the antagonistic effect of 
oxythiamine. 
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STUDIES OF THE METABOLISM OF £6-C'-dl-ADRENALIN* 


By RICHARD W. SCHAYER 


(From the Rheumatic Fever Research Institute, Northwestern University Medical 
School, Chicago, Itlinois) 


(Received for publication, October 9, 1950) 


The importance of the hormone adrenalin has led to many studies of its 
effects and fate (1). Yet its metabolism is poorly understood, owing to 
experimental difficulties caused by high toxicity and rapid conversion by 
the body to inactive products impossible to detect by chemical or biological 
tests for adrenalin. 

Approaching the metabolic fate of adrenalin through the use of a radio- 
active label offers several advantages. The distribution, storage, and 
excretion of the radioactive portion of the molecule can be followed, and 
the nature of the plasma, tissue, and urinary metabolites becomes demon- 
strable by paper chromatography and isotope dilution techniques, even in 
the presence of enormous amounts of contaminants. 

In this study the adrenalin was labeled with C™ in the @ position, a 
position which remains attached to the benzene ring in all known biological 
reactions of adrenalin (1). 


EXPERIMENTAL 


Synthesis of B-C'4-dl-Adrenalin—3.0 mc. of barium carbonate! were suc- 
cessively converted to carboxyl-labeled sodium acetate (2), acetic acid (3), 
chloroacetic acid (3), chloroacetyl catechol (4), adrenalone (5), adrenalone 
hydrochloride (5), and adrenalin (6). The over-all yield was 4.4 per cent. 
The analytical results for a non-radioactive sample synthesized by the 
same method were as follows: 


Calculated. C 59.00, H 7.27, N 7.65 
Found. “59.11, 7.36, ** 7.52 


The activity measured with an internal counter was 2.72 X 10° c.p.m. 
per mg. The compound had the same effect on the blood pressure of a 
dog as did commercial synthetic epinephrine. 

Distribution of Radioactivity at Intervals Following Injection of Adrenalin 


* This investigation was supported in part by a research grant from the United 
States Public Health Service and a contract (No. N7-onr-450) between the Office of 
Naval Research and Northwestern University. 

1 The radioactive barium carbonate used in this investigation was supplied by 
the Monsanto Chemical Company, on allocation from the Isotopes Division, United 
States Atomic Energy Commission. 
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—Female rats weighing 130 to 165 gm. were injected subcutaneously with 
radioactive adrenalin freshly dissolved in dilute acetic acid, at a level of 4 
y per gm. of body weight. In order to reduce the deleterious effects on the 
animal the adrenalin was given in two equal doses, separated by 30 minutes. 
An exception was the rat killed after 1 hour, which received its total 
amount in one dose. The animals were killed by decapitation at definite 
intervals following the second dose. For radioactivity measurements 
tissues were ground with four portions of 1 per cent trichloroacetic acid 
with the aid of sand. The combined extracts were centrifuged, washed, 
evaporated on aluminum plates, and counted with a flow counter. Further 


TABLE I 


Per Cent of Total Radioactivity Following Subcutaneous Injection of 
C'4-Adrenalin (4 y per Gm. of Body Weight) 


Time after injection 


1 hr. | 3hrs. | 4.5hrs.| 6hrs. | 7.5hrs. | 9hrs. | 20 hrs, 
3.4 | 36 39 30 45 67 91 
(per 0.03 | 0.38 | 0.30) 1.5 0.08 | 0.06 |} 0.00 
Blood cells (per ml.)........ 0.03 | 0.32) 0.20, 0.26; 0.00; 0.00! 0.00 
0.13 0.27! 0.28 0.07; 0.04, 0.06 0.00 
0.46 1.5 1.4 0.76 0.36 0.13, 0.07 
0.08 | 0.89 | 0.91, 6.2 2.0 0.06) 0.01 
Intestine (per gm.)..... 0.04 0.13, 0.26 | 0.12; 0.08 | 0.04) 0.00 
Site of injection.............| 22 | 16 3.6 3.8 | 1.0 0.91 | 0.19 
| | | | | <0.1 
Skin and muscle* (per gm.)., 0.45 | 


* Average of seventeen samples selected at random. 


extraction or combustion of the macerated tissues indicated that more than 
90 per cent of the radioactivity could be consistently extracted by this 
method. Urine, plasma, and blood cells were plated directly. 

The distribution of radioactivity following subcutaneous injection of 
radioadrenalin is shown in Table I. 

Radioactivity on Paper Chromatograms of Rat Urine and Nature of Urinary 
Metabolites—Rats were injected subcutaneously with doses of 3 to 5 y of 
adrenalin per gm. of body weight. The adrenalin was freshly dissolved in 
a minimum of 1 per cent acetic acid and diluted with saline solution con- 
taining 3 mg. of ascorbic acid per ml. as a stabilizer for the adrenalin. 
Urine was collected for 9 hours in a flask containing toluene and dilute 
acetic acid and kept at 0° during the period of collection. Urine specimens 
which required storage were frozen and kept at —15°. Evaporation was 
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carried out in vacuo in a stream of nitrogen and at room temperature. 
All possible consideration in treatment was given to the prevention of 
artifacts. 

Chromatograms were made of whole urine and of butanol extracts of 
acidified urine. They were developed with an equilibrated mixture of 4 
parts of butanol, | part of acetic acid, and 5 parts of water by the ascending 
method (7). After approximately 16 hours the paper strips were dried, cut 
into 1 cm. segments, and counted (8, 9). A chromatogram of whole urine 
from a rat injected subcutaneously with radioadrenalin is shown in Fig. 1. 
The presence of five peaks has been confirmed in most cases by other chro- 
matograms, often, however, with a loss of sharpness owing to smeared 
radioactivity caused by interfering substances. 

The possible presence in urine of free adrenalin and of protocatechuic 
acid, reported to be a metabolite of adrenalin in rabbits (10), was studied 


TaBLe II 


Radioactive Substances in Pooled Urine of Five Male Rats Injected 
Subcutaneously with 2.5 y of Radioadrenalin per Gm. of Body 
Weight, Expressed As Per Cent of Total Radioactivity 


After 


| Before 

| hydrolysis | hydrolysis 


Substances extractable with ether from acid solution....... | 2.6 | 7.4* 


*From urine hydrolyzed after removal of the ether-extractable fraction. 


in the pooled urine of five male rats, averaging 230 gm. in weight, injected 
subcutaneously with 2.5 y of adrenalin per gm. of body weight. Urine was 
collected for 16.5 hours following injection. Hydrolysis was effected by 
adding concentrated hydrochloric acid to give a 2.5 N solution, adding of 
a small amount of ascorbic acid as a stabilizer, and heating for 30 minutes 
in a boiling water bath under an atmosphere of nitrogen. Adrenalin and 
protocatechuic acid were added to urine samples as carriers before and 
after hydrolysis, isolated, and recrystallized to constant radioactivity. 
Assays of ether-extractable substances were performed before and after 
hydrolysis. The data obtained are shown in Table IT. 


DISCUSSION 


The radioactivity found in randomly selected muscle and skin samples 1 
hour after injection (Table I) accounts roughly for most of the injected 
isotope. However, these samples varied so much in activity that the 
possibility of uniform distribution by the blood throughout the tissues is 
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precluded. ‘This finding, coupled with the high concentrations of radio- | 


activity at the site of injection, indicates that the major portion of sub- 


cutaneously injected adrenalin is probably not absorbed by the blood, | 


owing to vasoconstrictor activity, but diffuses in non-uniform fashion 
through the muscle and skin. Relatively low concentrations are found in 


urine, blood, and internal organs after 1 hour. Animals killed 3, 4.5, and © 


6 hours after injection (Table I) showed a marked increase in radioactivity 
of blood, liver, and kidneys as products of inactivation were absorbed into 


the blood stream and then picked up by the liver and kidneys for possible | 


RADIOACTIVITY ON 
O10 PAPER CHROMATOGRAM 
250. OF WHOLE URINE FROM 
RAT INJECTED 
a SUBCUTANEOUSLY WITH 
> 200, C'* ADRENALIN 
= 
J 
150 
100. 
> 
= 
50. 


LENGTH OF PAPER (cm) 
Fic. 1. The figures in parentheses denote the peaks referred to in the text 


further alteration and excretion. Animals killed 7.5, 9, and 20 hours after 
injection showed decreases in radioactivity as excretion proceeded. Prac- 
tically all the radioactivity could be accounted for in the urine after 20 
hours. In addition to the determinations listed in Table I, counts were 
performed on extracts of brain, pancreas, spleen, ovaries, adrenals, and 
pituitary. Since these counts were low and showed no trend, they are not 
tabulated. The activity in feces was low and assumed to be due to con- 
tamination with urine. Expired carbon dioxide collected from a rat for 20 
hours following injection showed only a trace of radioactivity (Table I), 
indicating the probability that the benzene ring of adrenalin with the 
8-carbon attached to it is highly stable. 
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The five radioactive peaks in the chromatogram (Fig. 1) indicate the 
presence of at least five substances in urine retaining the labeled 8-carbon. 
Additional adrenalin metabolites may be present but remain undetected 
if two or more coincide on the chromatogram. Peak 1, Fig. 1, appears to 
be principally a conjugate of an ether-soluble substance, for on acid hy- 


_ drolysis it is greatly diminished and a new peak appears at the extreme 


right of the chromatogram of hydrolyzed urine. This substance probably 
accounts for the increase in the ether-soluble fraction of urine after hy- 
drolysis (Table II). It is not protocatechuic acid. 

Peak 5, Fig. 1, is an ether-soluble substance extractable from urine in 
acidic but not basic solution (Table II). It has lost the basic character of 
the original adrenalin and become acidic. Free adrenalin was found in 
urine before and after hydrolysis. The radioactivity of carrier adrenalin 
after recrystallization to constant activity is given in Table II. Subse- 
quent conversion of this carrier adrenalin to iodoadrenochrome (11, 12) 
produced no appreciable change in activity. Hence, one of the peaks in 
Fig. 1 may be due to free adrenalin. It is unlikely that any of the other 
peaks of Fig. 1 is due to autoxidation products of the free adrenalin, for a 
chromatogram of radioadrenalin in 0.1 per cent acetic acid, treated in a 
similar manner to that of the urine samples, produced a single peak at 
Rr 0.45. 

As the adrenalin concentration in urine was approximately the same 
before and after hydrolysis (Table II), there is no evidence of the occur- 
rence of significant amounts of adrenalin conjugates in rats under the con- 
ditions of this experiment. 

The réle of d-adrenalin in this study cannot be evaluated at this time. 


SUMMARY 


1. dl-Adrenalin labeled with C" in the 8 position has been synthesized. 

2. Studies of the distribution of radioactivity with time, after sub- 
cutaneous injection of rats, are reported. 

3. Absorption of the isotope is slow after subcutaneous injection, distri- 
bution apparently occurring principally through diffusion. 

4. A high concentration of isotope is found in plasma from 3 to 6 hours 
following injection. 

5. Excretion of isotope in urine is practically complete after 20 hours. 

6. There is no significant production of carbon dioxide from the B-carbon 
of adrenalin. 

7. Paper chromatograms of rat urine showed the presence of at least 
five radioactive substances. 

8. Free adrenalin was found in urine, but was not significantly increased 
following acid hydrolysis. Protocatechuic acid was not found in urine. 
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9. A small amount of ether-extractable radioactive fraction is present in 


rat urine and is increased following acid hydrolysis. 


The author is indebted to Rosa L. Smiley, E. Maxine McArthur, and 


Pauline W. Brown for technical assistance. 


DONA 
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SYNTHESIS OF PANTOLACTONE PHOSPHATE AND ITS 
EFFECT ON GROWTH OF MICROORGANISMS* 


By TSOO E. KING,?+ A. L. NEAL,{ F. M. STRONG 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, October 9, 1950) 


It has been shown that the growth-promoting activities of pantothenic 
acid conjugate (PAC) (2) and of coenzyme A (CoA) (3, 4) for Acetobacter 
suboxydans are greater than that of an equivalent amount of free panto- 
thenic acid. Both PAC and CoA are pantothenic acid derivatives con- 
taining phosphate. From the effect of intestinal phosphatase on CoA (5, 
6) and PAC (7) and on the basis of microbial inhibition studies (8), it has 
been suggested that these phosphates are esters of the hydroxyl group (or 
groups) of the vitamin. A. swboxrydans is one of the few microorganisms 
which, under favorable conditions, can utilize either pantoic or panto- 
thenic acids equally well for growth. 

It was therefore considered desirable to prepare pantolactone phosphate 
(IV) and to determine its growth-promoting effect on A. suboxydans and 
certain other microorganisms. The barium salt of this phosphate (V) was 
first prepared several years ago in this laboratory (9) by the reaction of 
dl-pantolactone with phosphorus oxychloride. However, phosphorylation 
of the lactone (I) with diphenyl chlorophosphonate (II), followed by hy- 
drogenolysis over Adams’ catalyst, has proved to be a somewhat more 
desirable method in that crystalline products were more readily obtained. 


EXPERIMENTAL 


Organisms and Testing—The organisms employed for testing were Lacto- 
bacillus arabinosus 17-5, Saccharomyces cerevisiae, Lash-Miller strain, 
ATCC 9371, and A. suborydans, ATCC 621. All tests and media were 
taken from previously published methods (10-12). The usual Fiske and 
Subbarow procedure (13) was used for the determination of inorganic 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by grants from the Division of Research 
Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service, and the Nutrition Foundation, Inc. A preliminary account of a 
part of this work has been reported elsewhere (1). 

t Postdoctorate Fellow of the United States Public Health Service, ou leave from 
Oregon State College, 1949-50. 

t Present address, Department of Biochemistry and Nutrition, Cornell Um 
versity, Ithaca, New York. 
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phosphorus, total phosphorus being determined after sulfuric acid-hydro- 
gen peroxide digestion. Phenol was determined iodometrically by the 
method of Folin and Denis (14). Potentiometric titration was made with 
a glass electrode and an ordinary pH meter. 

Preparation of Diphenyl Chlorophosphonate (II)—Dipheny] chlorophos- 
phate was prepared according to Brigl and Miiller’s method (15). The 
product was redistilled three times and the fraction, b.p. 187-188° at 10 
mm., was collected. Yield, 75 per cent of the theoretical. 

Preparation of dl-Pantolactone Diphenyl Phosphate (III)—20 ml. of an- 
hydrous pyridine and 7 gm. of dl-pantolactone! were placed in a flask and 
cooled in an ice water bath. 18 gm. of pure diphenyl chlorophosphonate 
were slowly added with continuous shaking, and the flask was then shaken 
for 30 minutes at 0-5°. After standing at room temperature for 48 hours, 
the pyridine was removed as completely as possible at room temperature 
in vacuo. The residue was taken up in about 200 ml. of ether. The mix- 


1 dl-Pantolactone was generously supplied by Merck and Company, Inc., Rahway, 
New Jersey. 
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ture was filtered and the residue washed with 3 X 20 ml. of ether. The 
ethereal solution was dried over anhydrous sodium sulfate, and the ether 
removed in vacuo. The residue was brought into 40 ml. of alcohol with 
gentle warming. Crystallization was induced by careful addition of a few 
drops of water with vigorous stirring. Addition of too much water should 
be avoided; otherwise the product separates as an oil which is difficult to 
crystallize. After standing overnight in a cold room, the white crystals 
were filtered and washed with cold alcohol. The mother liquor and wash- 
ings were evaporated to about 15 ml. and deposited another crop of pale 
yellow crystals. The combined product was recrystallized from about 30 
ml. of absolute alcohol and yielded 15 gm. (77 per cent of theory), m.p. 
75° (corrected). The melting point was not changed by further recrystal- 
lization. 


Analysis—C;sH Calculated. C 59.66, H 5.28, P 8.56 
Found. “ 59.51, 59.48, H 5.28, 5.17, P 8.50 


Pantolactone diphenyl phosphate was readily soluble in ether, chloro- 
form, and benzene, less soluble in ethanol and isopropyl alcohol, and in- 
soluble in water. 

Preparation of dl-Pantolactone Phosphate (IV)—A solution of 5 gm. of 
dl-pantolactone diphenyl phosphate (III) in 20 ml. of anhydrous ethanol 
was hydrogenated at room temperature and 10 to 20 cm. of water pres- 
sure in the presence of 250 mg. of Adams’ platinum oxide. The absorp- 
tion of hydrogen stopped abruptly after 6 to 10 hours (depending on the 
quality of catalyst used), when 8 moles of hydrogen had been absorbed. 

The catalyst was removed by filtration and the filtrate concentrated in 
vacuo to dryness. About 10 ml. of absolute alcohol were then added. On 
standing at —5° erystallization occurred slowly. After 48 hours at —5° 
the crystals were filtered and washed with cold ethanol. The substance 
melted at 189-190°, unchanged by recrystallization from ethanol or iso- 
propyl alcohol. Evaporation of the mother liquor gave another crop of 
product of the same quality. The combined yield was 2.5 gm. (86 per 
cent of the theoretical). 


Analysis—CgHyOeP. Calculated, P 14.8; found, P 14.3 


The product was hygroscopic and very soluble in water, less soluble in 
ethanol and acetone, and insoluble in petroleum ether and chloroform. 
An aqueous solution gave a strongly acid reaction. 

It was also possible to remove the phenyl groups from the diphenyl 
phosphate (III) by acid or alkaline hydrolysis. When 110 mg. of III, 2 
ml. of dioxane, and 3 ml. of N aqueous sodium hydroxide were heated 30 
minutes on a steam bath, 92 per cent of the theoretical amount of phenol 
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was set free. Less than 3 per cent of the phosphorus was converted to the 
inorganic form by this treatment or even after heating for an additional 
hour and then allowing the mixture to stand for 48 hours at room tem- 
perature. When the diphenyl] phosphate was allowed to stand in 50 per 
cent acetic acid solution at 37° for 17 days, 62 per cent of the phenol was 
liberated. 

Preparation of Sodium and Brucine Salts of dl-Pantolactone Phosphate— 
To a methanol solution of pure dl-pantolactone phosphate was added 
slightly more than a 2 molar quantity of sodium methoxide, freshly pre- 
pared from metallic sodium in anhydrous methanol. The crystallization 
of the disodium salt occurred within a few minutes. After standing 2 hours 
in the cold room, the crystals were separated and recrystallized from aque- 
ous methanol. ‘The salt melted at 208-210° (corrected). For analysis it 
was dried over P.O; for 10 hours at 100° and 1 mm. 


Analysis—C.Ha,06P Naz. Calculated, P 12.2; found, P 12.0 


The sodium salt was hygroscopic and very soluble in water, sparingly 
soluble in ethanol, and insoluble in ether. An aqueous solution reacted 
strongly alkaline. 

The brucine salt was made by addition of a slight excess over the cal- 
culated amount of brucine in methanol-acetone solution to a methanol 
solution of pure dl-pantolactone phosphate. The crystals sintered at 165° 
and decomposed at 185°. 


Analysis—C 6H (C2gH26O4N 2) 2. Calculated, P 3.11; found, P 3.02 


Direct Phosphorylation of Pantolactone with Phosphorus Oxychloride—To 
an ice-cold solution of 5.689 gm. of the lactone (I) in 25 ml. of pyridine 
were added dropwise 6.72 gm. of cold phosphorus oxychloride. After the 
mixture had stood in an ice bath for 2 hours, the pyridine was removed by 
vacuum distillation. The residue was cooled in an ice bath and the acid 
chloride decomposed by slowly adding water. After removing excess wa- 
ter under reduced pressure, a reddish viscous liquid remained. An aque- 
ous solution of barium hydroxide was then added until about pH 9 was 
reached, and the barium salt was precipitated by the addition of an equal 
volume of 95 per cent ethanol. The product was reprecipitated twice by 
dissolving in water and adding an equal volume of alcohol, and was then 
filtered, washed with alcohol, and dried over P.O; in a high vacuum. An 
amorphous, colorless powder weighing 10.1 gm. (66 per cent yield) was 
obtained. 


Analysis—C.H,O.PBa. Calculated. Ba 39.77, P 8.97 
Found. ‘* 40.28, 39.96, P 9.09 
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RESULTS AND DISCUSSION 


Properties of dl-Pantolactone Phosphate—The phosphate ester linkage 
of pantolactone phosphate was found to be very stable toward acid and 
alkali. This property is similar to that of some other organic phosphate 
esters, although many are more labile (16, 17). Less than 0.05 per cent 
of the total phosphorus was converted into inorganic phosphate after heat- 
ing an aqueous solution in N hydrochloric acid or in N sodium hydroxide 
in a boiling water bath for 1 hour. The rupture of the phosphate linkage 
was accelerated in the presence of molybdate. About 5 per cent of the 
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Fic. 1. Potentiometric titration of pantolactone phosphate. A solution of 200 
mg. of dl-pantolactone phosphate in 10 ml. of water was titrated with 0.548 N 
aqueous sodium hydroxide solution. 


total phosphorus could thus be liberated in contact with the Fiske-Sub- 
barow molybdate reagent (13) at room temperature in 10 hours. How- 
ever, about 70 per cent of the total phosphorus was transformed into 
inorganic phosphate after autoclaving in N HCl solution at 120° for 20 
hours. A corresponding amount of dl-pantolactone was simultaneously 
liberated. This fact was established by microbiological assay with A. 
suboxydans after alkaline hydrolysis of the acid-treated product. 
Potentiometric titration of dl-pantolactone phosphate in aqueous solu- 
tion gave a curve as shown in Fig. 1. Three breaks were observed and 
3 moles of base were consumed. This was interpreted to indicate that 
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both hydrogens of the phosphate were titratable and corresponded to the 
Ist and 2nd dissociable hydrogens of orthophosphoric acid (18). Panto- 
lactone phosphate thus behaves similarly to other organic phosphates dur- 
ing titration (19). The second break was not sharp. This fact was ap- 
parently due to a slow opening of the lactone ring. 

Growth Response of Microorganisms to dl-Pantolactone Phosphate—The 
growth-promoting effect of pantolactone phosphate was tested on L. ara- 
binosus, which requires the intact vitamin, and on A. suborydans and S. 
cerevisiae, Which require only pantoic acid and #-alanine respectively. The 
results are summarized in Table I. The very slight, probably not sig- 
nificant, activity of dl-pantolactone phosphate for L. arabinosus was not 
surprising, since the organism cannot utilize the hydrolyzed vitamin. 


TaBLe 
Growth Response of Three Microorganisms to dl-Pantolactone Phosphate* 


| Inhibition 
Activ- 
Organism tested Normal growth factor ityt Lowest level of 

normal growth are 
| factor per tube ae inhibition 
7 7 

L. arabinosus | Calcium pantothenate | 0.05 0.04 | 500 None 

S. cerevisiae 8-Alanine 0 0.15 1000 

A. suborydans  Pantoic acid 1.5 | 500 


-- 


* Alkali-hydrolyzed samples (dl-pantoic acid phosphate) gave the same results. 

t Per cent of activity of the normal growth factor. When the phosphate was 
tested in the presence of suboptimum amounts of the normal growth factors, no 
enhancement of the activity of the latter was noted in any case. 


Yeast can synthesize its own pantoic acid for coupling with externally 
supplied 8-alanine to form pantothenic acid. Hartelius and Johansen (20) 
observed that, in the presence of suboptimum amounts of 8-alanine, pan- 
toic acid approximately doubled yeast growth. King and Cheldelin (10) 
found that small amounts (100 y per tube) of pantoic acid stimulate, while 
higher levels (over 1000 y) inhibit the growth of yeast. It is interesting 
to note that dl-pantolactone phosphate, either as such or after alkaline 
hydrolysis to open the lactone ring, did not show any growth-promoting 
or growth-inhibiting action in the presence or absence of 8-alanine or pan- 
tothenie acid. 

Contrary to our expectations, pantolactone phosphate was also inactive 
for the growth of A. suboxydans. ‘The slight activity was probably due to 
enzymatic dephosphorylation which occurred during incubation with the 
inoculum. ‘The inactivity agrees with the findings of Aubel and Szul- 
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majster (21) for other simple phosphorylated compounds. They showed 
that phosphorylated derivatives penetrate little or not at all into the living 
bacterial cell. The non-penetration is apparently not due to the size of 
the molecule but probably is due to the nature of the charge on the bac- 
terial membrane and the polarity of the compound tested. It is not sur- 
prising that PAC or CoA can be utilized directly by A. suborydans, since 
these compounds probably contain adenine or some other basic moiety in 
their molecules. This hypothesis was further supported by the fact that 
none of the three pantothenic acid phosphates was active for A. suboxry- 
dans (1). The indifference of pantolactone phosphate, in contrast to free 
pantoic acid, toward yeast also indicates that the compound was not able 
to penetrate into the microbial cells tested. 


SUMMARY 


dl-Pantolactone phosphate was prepared in 66 per cent over-all yield by 
treating dl-pantolactone with diphenyl chlorophosphonate followed by hy- 
drogenolysis. The product was obtained as the crystalline free acid, di- 
sodium salt, and dibrucine salt. Pantolactone phosphate was very stable 
to acid and alkali. About 70 per cent of the phosphate ester linkage was 
decomposed by heating in N HCl at 120° for 20 hours. The lactone ring 
was easily broken in aqueous alkaline solution. Pantolactone phosphate 
was neither growth-promoting nor inhibitory toward yeast and lactic acid 
bacteria. It was slightly active for Acetobacter swhborydans. On the basis 
of the results obtained in growth experiments, it is concluded that in con- 
trast to pantothenic acid conjugate and coenzyme A, pantolactone phos- 
phate was not able to penetrate the membrane of microorganisms. 
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SYNTHESIS AND PROPERTIES OF PANTOTHENIC ACID 
DIPHOSPHATE* 


By TSOO E. KINGTt anv F. M. STRONG 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, October 9, 1950) 


The results of various enzymatic studies (2) strongly suggest that co- 
enzyme A may be a derivative of a phosphate ester of pantothenic acid. 
In connection with a general study of the nature and properties of various 
“bound” forms of pantothenic acid, including coenzyme A, it was con- 
sidered desirable to prepare phosphates of this vitamin and to test their 
biological activities. The present paper describes the method of synthesis 
and some properties of d-pantothenic acid diphosphate (V). Its synthesis 
was accomplished as shown in the diagram. Pantothenic acid diphosphate 
was more stable than the free vitamin toward acid or base. The diphos- 
phate, like the naturally existing bound forms of pantothenic acid, was 
inactive for lactic acid bacteria but became fully active after treatment 
with intestinal phosphatase. 


EXPERIMENTAL 


Reagents and Methods—Diphenyl chlorophosphonate was prepared as 
previously described (3, 4). Free pantothenic acid was prepared from 
commercial calcium d-pantothenate by reaction with the calculated amount 
of oxalic acid in aqueous solution. After removing the precipitate, the 
filtrate was evaporated to dryness and further dried over P20; at less than 
| mm. pressure and at 40-50° for 10 hours. As judged by microbiological 
assay, the product was pure, but it was apparently contaminated with 
traces of calcium salts or other impurities, since it failed to give a clear 
solution in methanol. Later a more convenient method was found, which 
involved passing 250 ml. of a 5 per cent aqueous solution of calcium pan- 
tothenate through a 2 X 60 cm. column of Amberlite IR-100 in the hydro- 
gen form. The effluent was recycled several times, then concentrated, 


* Published with the approval of the Director of the Wisconsin Agricultural 
k:xperiment Station. Supported in part by grants from the Division of Research 
Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service, and the Nutrition Foundation, Inc. A preliminary account of this 
work has been presented elsewhere (1). 

t Postdoctorate Fellow of the United States Public Health Service, on leave from 
Oregon State College, 1949-50. 
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and dried as above. The methanol solution of this product was perfectly 
clear. 

CH, 
| CH2N, 


CH, OH 
(I) 
CH; 


| 
HOCH, CH. COOCH, 
| | 
CH, OH 
(I) 


CHs 


(C,H, 0).POCI | H.(Pt) 
— — 
(82%) | | | (90%) 
CH, O 


P=O P=O 


| | 
(OCdHs):  (OCeHs)s 


| 
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Methyl pantothenate was prepared by treating a 20 per cent solution 
of the free acid in methanol with an excess of diazomethane in ether. The 
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mixture was allowed to stand over anhydrous potassium sulfate at room 
temperature for 4 to 5 hours and filtered, and the filtrate concentrated 
in vacuo to constant weight. No attempt was made to purify the product 
further. 

Enzymatic liberation and microbiological determination of pantothenic 
acid were carried out as previously described (5), except that for digestion 
of the synthetic phosphates the liver enzyme was omitted and only the 
phosphatase used. A commercial intestinal phosphatase preparation! con- 
taining 19 Schmidt-Thannhauser phosphatase units (6) per mg. was em- 
ployed. 5 mg. of this preparation were taken for digestion of an amount 
of sample estimated to provide 4 to 5 y of pantothenic acid. Enzymatic 
digestions with pancreatin, papain, and mylase P were carried out accord- 
ing to Cheldelin et al. (7). Other analytical and testing procedures were 
carried out as before (4). 

Methyl Bis(diphenylphospho)-d-pantothenate (III)—A solution of 4.66 
ym. of methyl d-pantothenate in 20 ml. of anhydrous pyridine was cooled 
in an ice water bath and 14.9 gm. of diphenyl chlorophosphonate were 
added slowly with stirring. Precautions were taken to avoid absorption 
of moisture during the reaction. The solution became golden yellow, and, 
when about half of the phosphorylating agent had been added, a granular 
precipitate of pyridine hydrochloride separated. Finally the whole charge 
became a paste. Shaking was continued for another half hour in the cold 
and the mixture was then placed in a cold (0-5°) room for 3 days. <A few 
ml. of cold water were then added. After standing in the cold for 1 hour, 
the whole charge was poured into 1 liter of ice water with vigorous stirring. 
About 150 ml. of chloroform were then added with continuous stirring and 
the chloroform layer was separated, washed with 3 * 100 ml. of cold 5 
per cent hydrochloric acid, and then with water until the washings became 
neutral. The chloroform solution was dried with sodium sulfate, and the 
solvent removed in vacuo. <A yellow viscous oil was obtained. The prod- 
uct was purified by dissolving in about 40 ml. of anhydrous ether and pre- 
cipitating with 6 volumes of petroleum ether (Skellysolve B). The proc- 
ess was repeated twice. 11.5 gm. (82 per cent of the theoretical) of a 
pale yellow viscous oil were obtained after drying. 


Analysis—C yH 3701, N P2. Calculated. N 2.01, P 8.89 
Found. ** 1.92, ** 8.54 


The product was soluble in chloroform, ether, benzene, ethyl acetate, 
dioxane, alcohol, and acetone, sparingly soluble in carbon tetrachloride, 
and insoluble in petroleum ether and water. 

Preparation of Methyl Diphospho-d-pantothenate (IV) and Its Tetrasodium 
Salt—A solution of 1.397 gm. of the bisdiphenyl phosphate (III) in 20 


1 Obtained from the Armour Laboratories, Chicago, Illinois. 
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ml. of anhydrous methanol was hydrogenated at room temperature and 
atmospheric pressure in the presence of 140 mg. of Adams’ platinum oxide. 
The absorption of hydrogen stopped after 6.5 hours, when a little over 16 
moles of hydrogen (789 ml., standard temperature and pressure) had been 
absorbed. Increasing either the amount of catalyst used or the hydrogen 
pressure shortened the period of reduction. With an amount of catalyst 
equal to 25 per cent of the substance to be reduced at room temperature 
and atmospheric pressure, only 2.5 hours were required. The reduction 
was completed in about 30 minutes at room temperature, when a solution 
of III with 5 per cent of its weight of the catalyst was reduced under a 
starting pressure of 50 pounds of hydrogen per sq. in. 

The catalyst was removed by filtration and the filtrate concentrated 
in vacuo to dryness. A colorless syrup weighing 0.71 gm. (90 per cent of 


TABLE 


Pantothenic Acid Activity of Diphosphates of d-Pantothenic Acid and Methyl 
d-Pantothenate 


| Diphosphate of 
Test organism mine 
d-Pantothenic Methyl 
acid d-pantothenate 
per cent activity* per cent activity*® 
L. arabinosus, before phosphatase treatment... _.. 1-3 | 1-3 


* As compared to the equivalent amount of free d-pantothenic acid on a molar 
basis. 
+ 72 hours incubation (8). 


the theoretical) was obtained. It gave practically the theoretical value 
for pantothenic acid content by microbiological assay after enzymatic 
dephosphorylation (Table I). Analyses for nitrogen and phosphorus in- 
dicated 1 mole of methanol in the product. 


Analysis—C pH2O0O1nNP2;CH,OH. Calculated. P 14.6, N 3.29 
Found “14.2, 3.18 


An amorphous, white, homogeneous solid was obtained by dissolving the 
syrup in a minimum amount of warm anhydrous isopropyl alcohol and 
precipitating with anhydrous petroleum ether in the cold. The solvent 


was removed completely by drying the product at 56° and 1 mm. for a 
period of 18 hours. 


Calculated. P 15.8, N 3.56 
Found. ** 15.4, ‘* 3.50 
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The product was very hygroscopic, very soluble in water, methanol, and 
ethanol, less soluble in isopropyl alcohol, and insoluble in benzene and 
petroleum ether. An aqueous solution gave a strongly acid reaction. 

To a methanol solution of methyl diphospho-d-pantothenate was added 
slightly more than a 4 molar quantity of sodium methoxide, which was 
freshly prepared from clean metallic sodium in methanol. The crystal- 
lization of the tetrasodium salt occurred on the addition of 0.5 volume of 
ether. After standing a few hours in the cold room, the microscopic 
crystals were separated and recrystallized from methanol-ether solution. 
The salt did not melt at 240°. 


Calculated. P 12.9, N 2.91 
Found. “RA * 


The tetrasodium salt was hygroscopic and very soluble in water, less 
soluble in alcohol, and insoluble in ether. An aqueous solution gave a 
strongly alkaline reaction. 

Preparation of d-Pantothenic Acid Diphosphate (V) and Its Pentasodium 
Salt—To a solution of 0.8 gm. of methyl diphospho-d-pantothenate (IV) 
in 25 ml. of water were added 5 ml. of 4 N sodium hydroxide solution. 
The mixture was heated in a boiling water bath for 1 hour. After cooling, 
it was passed through a column of about 20 ml. of Amberlite IR-100 in 
the hydrogen form, and the effluent was concentrated to dryness. The 
residue was dissolved in about 3 ml. of anhydrous methanol and precipi- 
tated as a heavy syrup with petroleum ether. The precipitation was re- 
peated once. A white semisolid precipitate weighing 580 mg. (75 per cent 
of the theoretical) was obtained after thorough drying. 


Analysis—C Calculated. P 16.4, N 3.69 
Found. 16.0, 3.83 


The product was very hygroscopic and very soluble in water and alco- 
hol, less soluble in isopropyl alcohol, and insoluble in benzene and pe- 
troleum ether. An aqueous solution reacted strongly acid. 

The pentasodium salt was prepared in the same way as the tetrasodium 
salt of IV by addition of a slight excess of sodium methoxide in methanol. 
The salt did not melt at 240°. 


Analysis—CyH, OuNP2Nas. Calculated. P 12.7, N 2.86 
Found. 12.6, 3.02 


The pentasodium salt of pantothenic acid diphosphate was very hygro- 
scopic and very soluble in water, less soluble in alcohol, and insoluble in 
ether. An aqueous solution reacted strongly alkaline. 
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RESULTS AND DISCUSSION 


Method of Synthesis—Pantothenic acid diphosphate was first reported 
by Woolley in 1940 (9). In his method of preparation the vitamin was 
directly phosphorylated with phosphorous oxychloride. Unfortunately, 
workers in this laboratory? and at Oregon State College* have been unable 
to obtain the diphosphate by this method. Other phosphorylating agents 
were therefore investigated. ‘The method used by Viscontini and cowork- 
ers (10) for thiamine polyphosphate gave no definite product when applied 
to pantothenic acid. 

However, diphenyl chlorophosphonate was found to be satisfactory, 
although even this reagent yielded no pure mono- or diphosphate deriva- 
tive when used with calcium pantothenate (11). Reaction with free panto- 
thenic acid gave only a monophosphate derivative (1). After considerable 
investigation, it was found that diphenyl chlorophosphonate, when allowed 
to react with methyl pantothenate, produced a diphosphate derivative. 
The synthesis of the methyl ester of pantothenic acid diphosphate (IV) 
was thus accomplished in good yield by hydrogenolysis of the diphenyl 
intermediate. 

The removal of the methyl group from IV to give the free acid V was 
expected to be very troublesome, since pantothenic acid is very labile to 
most saponifying reagents. However, the diphosphate was found to pos- 
sess marked alkali stability, which made it possible to carry out the hydrol- 
ysis without difficulty. The methyl ester was therefore saponified with 
alkali and the product isolated by employing an ion exchanger to remove 
the cation. The over-all yield was about 55 per cent. 

Other difficulties encountered included the failure of crystallization of 
the diphenyl] intermediate and the extremely hygroscopic nature of both 
the methyl ester and the free pantothenic acid diphosphate, as well as 
their salts. The latter difficulty was partly overcome by taking every 
precaution to exclude moisture. However, numerous attempts to crystal- 
lize the intermediates and the free acid failed. Many similar phosphoryl- 
ated products from diphenyl chlorophosphonate also are non-crystallizable 
(3,12). The failure of crystallization of pantothenic acid diphosphate and 
its methyl ester was apparently due partly to their very polar nature 
and extreme hygroscopicity. Free pantothenic acid is also very difficult 
to crystallize. 

Growth Response toward Microorganisms—The utilization of d-panto- 
thenic acid diphosphate (V) and its methyl ester (IV) as pantothenic acid 
sources was tested on Lactobacillus arabinosus, which requires the intact 


2 Lipton, S. H., and Prier, R. F., unpublished work. 
*Schink, C. A., personal communication. 
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vitamin, and on Acetobacter suboxydans and Saccharomyces cerevisiae, which 
need only pantoic acid and #-alanine respectively. The results are sum- 
marized in Table I. Pantothenic acid diphosphate and its methyl ester 
showed very slight activity both on A. suboxydans and on yeast. As in 
the case of pantolactone phosphate on A. suborydans (4), the inactivity was 
apparently due to an inability to penetrate the membrane of the micro- 
organisms. ‘The diphosphate (up to a level 5000 times that of the metab- 
olite used) also did not show. any inhibition of the growth-stimulating 
action of pantothenic acid in either organism. Neither was any enhanced 
action at suboptimum levels of pantothenic acid noticed. 

The diphosphate, like the natural bound forms of pantothenic acid, e.g., 
coenzyme A (2) and pantothenic acid conjugate (13), was practically inac- 
tive for L. arabinosus. However, the pantothenic acid could be liberated 
by treatment with intestinal phosphatase and was thereby rendered avail- 
able to lactic acid bacteria. Other enzymes like papain, pancreatin, and 
mylase P were practically ineffective for the liberation of pantothenic 
acid either from the disphosphate or from coenzyme A or pantothenic 
acid conjugate. 

The slight activity of the diphosphate for the lactic acid bacteria, even 
before phosphatase digestion, could not be attributed to contamination of 
the sample with free pantothenic acid, since alkali-treated samples also 
gave the same response. Evidently L. arabinosus can either utilize the 
diphosphate per se to a small extent or can dephosphorylate a small por- 
tion of it. Similar slight activity was found for pantolactone phosphate 
on A. suboxydans (4). 

In contrast to methyl pantothenate, which is only partially active for 
L. arabinosus, the methyl ester of pantothenic acid diphosphate was as 
active as the free diphosphate. The reason for the activity is not known, 
although it may be that the presence of the two strongly acidic phosphate 
groups facilitates hydrolytic cleavage of the methyl ester. 

Stability of Pantothenic Acid Diphosphate—The phosphate ester linkage 
of pantothenic acid diphosphate was rather stable toward acid and alkali. 
The results of acid and alkaline hydrolysis are summarized in Table II. 
Less than 5 per cent of the total phosphorus was converted into inorganic 
phosphate after heating an aqueous solution in N hydrochloric acid in a 
boiling water bath for 1 hour. Even less inorganic phosphorus was formed 
after the same treatment in N sodium hydroxide. Thus pantothenic acid 
diphosphate is among the more stable organic phosphate esters (12, 14, 15). 
Potentiometric titration in aqueous solution revealed that the lst and 2nd 
dissociable hydrogens of the orthophosphoric acid residues remained in the 
molecule of pantothenic acid disphosphate. Other biochemically impor- 
tant phosphate esters show similar results (16). 
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Both free pantothenic acid and methyl pantothenate are very sensitive 
to alkali and to acid. However, the vitamin activity of pantothenic acid 
diphosphate was almost completely retained, even after heating in an 
aqueous N sodium hydroxide solution at 100° for 1 hour. Slight destruc- 
tion was noticed after similar treatment with Nn hydrochloric acid. The 
results are shown in Table II. The natural existence of alkali-stable forms 
of pantothenic acid has been previously reported from this laboratory (17). 
Recently from the results of a study on the alkaline hydrolysis of coen- 
zyme A (18), it has been found that about 70 per cent of the bound panto- 
thenic acid activity of the coenzyme is not destroyed by alkali, even after 
prolonged heating, although the acetylation activity drops immediately. 


TaBLe II 
Stability of d-Pantothenic Acid Diphosphate 


| Treatment 
| NaOH, 1 hr. in w HCl, 1 hr. in 
‘J boiling water bath boiling water bath 
PA® activity | ‘PA activity PA activity Inor- 
Free | Total — Free | Total — Free | Total _ 
per | per per per per per 
cent | cent cent | cent cent | cent 
Ca d-pantothenate....... 100 _ 100 0 0 0 0 
Methy! pantothenate.....| 26 | 26 0 0 0 0 
d-Pantothenic acid di- 2 100 0 2 90 0.1 2 70 <5 
Methyl d-pantothenate 
diphosphate............ 2 100 | 0 2 90 «=©0.1 2 70 <5 


* PA = pantothenic acid. All activities are expressed on the molar basis as 
measured with L. arabinosus for free pantothenic acid and after phosphatase treat- 
ment for the total pantothenic acid. 

+t Percentage of total phosphorus converted into the inorganic form. 


It seems probable that the alkali-stable form of pantothenic acid in natural 
materials may be accounted for by the existence of phosphate derivatives 
such as coenzyme A or partial breakdown products thereof. 

The stability of the amide linkage is apparently due to the introduction 
of the phosphate group. Some interaction between the amide and phos- 
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phate groups may have occurred, such as the formation of a chelate ring 
through hydrogen bonding. Another possibility which cannot be excluded 
is an intermolecular association of the negative phosphoric acid of 1 mol- 
ecule and the amide group of another. Possibly this association to form 
a larger molecule caused the difficulty in crystallization, since the crys- 
tallization of pantolactone phosphate occurred readily (4). 


SUMMARY 


d-Pantothenic acid diphosphate was synthesized by phosphorylating 
methyl d-pantothenate with diphenyl chlorophosphonate. The diphenyl 
intermediate was then hydrogenated and the methyl group removed by 
saponification. The over-all yield from methyl d-pantothenate was about 
55 per cent. The diphosphate, as well as its methyl ester, showed slight 
activity on Lactobacillus arabinosus but became fully active after digestion 
with intestinal phosphatase. These derivatives were practically inactive 
for yeast or Acetobacter suboxydans as sources of pantothenic acid. The 
diphosphate was far more stable than the free vitamin or methyl panto- 
thenate toward acid or alkaline treatment. Most of the bound vitamin 


activity remained, even after heating aqueous solutions in N HCl or n 
NaOH at 100° for 1 hour. 
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A coenzyme for the acetylation of sulfanilamide was discovered in 1945 
(2) by Lipmann. In 1947 (3) the active substance was identified as a 
pantothenic acid derivative and named coenzyme A. This coenzyme sub- 
sequently was discovered also to be active in the acetylation of choline 
(4), in the formation of acetoacetate from 2 moles of acetate (5), and for 
the condensation of oxalacetate with acetate to form citrate (6,7). It is 
generally believed that coenzyme A is responsible for the mobilization of 
acetate in C, metabolism, probably as an acetyl carrier (8). 

However, although it has been painstakingly studied for several years, 
coenzyme A has not been obtained in pure form and little information is 
available as to its constitution. Since the function of the coenzyme in 
various aspects of metabolism has been so fruitfully explored, interest in 
its chemical constitution and the mechanism of its physiological action 
has naturally increased. These problems have been attacked in this lab- 
oratory by carrying out purification procedures (9),' investigating some 
model compounds (1, 10), and studying the behavior of coenzyme A in 
the partially purified preparations available. The latter work is reported 
in the present paper. 


EXPERIMENTAL 


Highly purified nucleotide pyrophosphatase (11) was kindly supplied 
by A. Kornberg. Samples of Lactobacillus bulgaricus factor (LBF) were 
generously made available by E. E. Snell and coworkers. Samples of 
coenzyme A (CoA) ranging from 1.5 to about 7 per cent of bound panto- 
thenic acid (PA) content were prepared in this laboratory (9).! 

CoA was determined by the method of Kaplan and Lipmann (12). The 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by grants from the Division of Research 
Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service. A preliminary account of part of this work has been reported else- 
where (1). 

t Postdoctorate Fellow of the United States Public Health Service, on leave from 
Oregon State College, 1949-50. 

1 Handschumacher, R. E., Higgins, H., King, T. E., Mueller, G. C., Teply, L. J., 
Cheldelin, V. H., and Strong, F. M., unpublished work. 
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crude acetylation apoenzyme used was the aged bicarbonate extract of 
pigeon liver acetone powder (12). Purified apoenzyme was prepared by 
methods similar to those used by Lipmann and coworkers (5, 13). The 
aged bicarbonate extract of pigeon liver acetone powder was precipitated 
by 40 per cent ammonium sulfate saturation. The precipitate was cen- 
trifuged in a refrigerated centrifuge maintained at 0°. The filtrate was 
further precipitated by increasing the ammonium sulfate to 65 per cent 
saturation. ‘The precipitate was collected by centrifugation and dissolved 
in a volume of bicarbonate solution equal to that used originally. The 
process was repeated once. Finally the precipitate, in less than half of 
the starting volume of 0.02 m bicarbonate solution, was dialyzed against 
water buffered with sodium bicarbonate. The resulting purified enzyme 
solution was bright red in color and perfectly clear. All water used was 
redistilled in a glass apparatus. 

The determination of the activities for Acetobacter suboxydans and L. bul- 
garicus was made as reported previously (14, 15). The enzymic dephos- 
phorylation of the samples prior to the test of L. bulgaricus activity was 
carried out with a commercial intestinal phosphatase? (16). Free and 
bound pantothenic acids were measured with Lactobacillus arabinosus as 
previously described (9). 

The nucleotide pyrophosphatase digestion of CoA was performed under 
the conditions used by Kornberg and Pricer (11). The substrate was 
incubated 20 to 40 minutes at 37° in the presence of the enzyme in phos- 
phate or glycylglycine buffer. The enzymic reaction was then halted by 
heating the mixture in a boiling water bath for 2 to 5 minutes. 

Alkaline hydrolysis of CoA was made in n sodium hydroxide solution 
in a boiling water bath (99-100°) at a concentration of about 10 to 100 y 
of bound PA per ml. of solution. Evaporation of water was prevented 
by inserting a cold finger at the mouth of the tube. After heating, the 
tubes were removed from the bath, immediately chilled in ice, and sub- 
sequently neutralized with hydrochloric acid. 


RESULTS AND DISCUSSION 


Action of Highly Purified Nucleotide Pyrophosphatase on Coenzyme A— 
Lipmann and coworkers (17) suggested that CoA consists of PA linked 
through a phosphate or pyrophosphate bridge to another molecule. The 
presence in highly purified CoA preparations of several moles of phosphorus 
per mole of PA (17), and especially the inactivation of CoA with a prep- 
aration of potato nucleotidase (13, 17), pointed to a pyrophosphate link- 
age. However, it was found in the present work that the acetylation 


? Purchased from the Armour Laboratories, Chicago. 
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activity of CoA was not affected by treatment with the highly purified 
nucleotide pyrophosphatase of Kornberg. 

Two samples of CoA of different purity were treated with the pyrophos- 
phatase. The resulting mixture was tested for acetylation activity by 
the usual method with sulfanilamide as the substrate. The results sum- 
marized in Table I show that the bulk of the CoA activity was still intact. 
The activity of the enzyme preparations used was subsequently verified 
by Dr. Kornberg. 

The activity of the pyrophosphatase-digested coenzyme shown in Table 
I could not have been due to resynthesis (13), since the test was made 
with purified as well as with the crude apoenzyme for acetylation. The 
somewhat lower values found with the purified apoenzyme are of doubtful 
significance in view of the wide variations observed when a given sample 
was assayed at different levels. However, if these results are interpreted 
to indicate that some splitting did occur, it appears that no more than 
one-third of the CoA present could have been split in 20 minutes by the 
highest concentration of Kornberg’s enzyme that was tested, viz. 81 units 
on a sample containing 40 y of bound PA (Table I). On the basis of the 
PA present, this would correspond to only about 0.05 of the rate at which 
the pyrophosphatase splits diphosphopyridine nucleotide (DPN) (11). 

The same degree of activity was obtained in the crude enzyme system, 
both in the presence and absence of arsenate. An effect of any impurity 
in the coenzyme samples, which might have inhibited the action of the 
pyrophosphatase on the coenzyme, was ruled out by the fact that the 
addition of corresponding amounts of either Sample | or 2 (see Table I) 
to DPN or to adenosinetriphosphate (ATP) solutions did not change the 
enzymic activity. Both DPN and ATP were split equally well either in 
the presence or absence of the CoA samples. These results suggest that 
CoA does not contain a pyrophosphate linkage analogous to that in several 
of the known dinucleotide coenzymes which are readily hydrolyzed by 
Kornberg’s enzyme. 

Resynthesis of Coenzyme A from LBF—Brown and coworkers (16) found 
that LBF is a PA derivative. CoA per se showed low LBF activity, ap- 
proximately equal to that of an equivalent amount of free PA, but the 
product from enzymic dephosphorylation of the coenzyme was highly 
active for the bacteria (16). Since CoA can be degraded to LBF, it was 
of interest to see whether LBF could be recombined to the intact coenzyme. 
Samples of LBF of widely differing purity were tested with both the crude 
and purified apoenzyme for acetylation. The results are outlined in Table 
TT. 

In the second column of Table II w indicates the relative concentration 
compared with « standard yeast extract. The five samples tested repre- 
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Effect of Nucleotide Pyrophosphatase on Activity of CoA for Acetylation of 


Description of constituents in 


CoA enzymic digestion 
Sample 1. 800 y | 0.2 ml. sample 

containing 160.1 ‘“ glycylglycine buffert 

y bound PA | 0.7 water 

in 0.2 ml. 
0.2 ml. sample 
0.01 ‘* enzyme}t 
0.1 glycylglycine buffert 
0.69 ‘* water 
0.01 ml. enzymet 
glyeyiglycine bufferf 
water 

Sample 2. 6007 | 0.3 ml. sample!) 

containing 0.2 ‘* phosphate buffer 

about 40 y | 0.5 ‘‘ water 

bound PA in 

0.3 ml. 0.3. ml. sample) 
0.2 ‘* phosphate buffer 
0.1 ‘* enzyme** 
04 water 
0.3 ml. sample} 
0.2 ‘* phosphate buffer4 
0.3 ‘* enzyme** 
0.2 ‘* water 
0.2 ml. phosphate buffer‘ 
0.3 enzyme** 
0.5 ‘ water 


Sulfanilamide 


| Time of | 


| 


| 


CoA activity® as measured with 


‘digestion | Purified 
Crud 
apoenzyme| +0, ml. | apoen 

arsenate 
min. unils units units 
40 16.5 4.5, 5.0 
40 | 17.1 4.0, 5.5 
40 | O08 0§ 
20 | 80, 106 21, 146 
20 | 58, 90 19, 34 
20 | 60, 90 19, 28 
20 O§ 2.0§ 


| 


| 


* CoA activity is expressed as total units found in the sample tested. Indi- 
vidual values obtained at different dosage levels are given whenever such values 


did not agree closely. 
7 0.5 m, pH 7.2. 


t 1 ml. of enzyme solution contained about 1 mg. of protein and 890 DPN units 


(11). 


§ No interference with color development involved in CoA assay. 


|| Sample 2 was treated with the pyrophosphatase enzyme by Dr. Kornberg at 
Bethesda, and the resulting mixture was returned to Madison for CoA analysis. 


0.5 m, pH 7.0. 


** ] ml. of enzyme solution contained about 0.2 mg. of protein and 270 DPN units 


(11). 


| | 
| | | | 
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sent progressive steps in the purification of the factor. In the crude pigeon 
liver enzyme system all the samples showed activity for the acetylation 
of sulfanilamide corresponding to their content of LBF activity. This 
system was originally used for the determination of CoA activity in vari- 
ous tissues and naturally occurring substances (12). The coenzyme ac- 
tivity of LBF was evidently due to a resynthesis which occurred in the 
crude enzyme system. When a purified enzyme system was used, the 
CoA activity was almost negligible. Moreover, the ratio of LBF units 
to CoA units was rather constant with a single batch of crude apoenzyme 
but seemingly different for different batches (see Table II, Sample 1 ver- 
sus Samples 2 to 5). Based on the content of PA in the LBF samples, 
about 15 to 25 per cent of the LBF was converted to CoA in 2 hours. At 
present it is not known whether the rather small fraction reconverted was 


TABLE II 
Apparent CoA Activity of LBF Concentrates 


CoA activity LBF unit 


Sample No. LBF activity | CoA unit 
| | Crude en- | Purified | i crude enzyme 
| zyme system | enzyme system 
| units per ml. units per ml. \unils per ml. 
1 400 | 210 3.5 0.6 60 
2 50 250 1.4 0.6 180 
3 1,160 2320 12 1.6 190 
4 2,300 600 | 3.2 0.6 190 
5 10,000 200 | 1.4 0.6 140 


*- = relative concentration compared with a standard yeast extract, expressed 
as units per mg. of dry weight of the concentrate. 


due to an unfavorable equilibrium for the resynthesis or to an insufficient 
amount of resynthesizing catalyst in the crude enzyme system. 

However, the above results have considerable significance. It has been 
shown that LBF is a derivative of PA, probably through the carboxyl 
group (15, 16). Since the best preparations of LBF reported contain 65 
per cent or more of PA and are not yet pure, it appears evident that the 
unidentified fragment must be relatively small in size (16). Thus LBF 
may become available through synthesis; if so, the data on resynthesis of 
CoA described above might provide an excellent alternative source of this 
substance. 

Effect of Alkali on Coenzyme A—In contrast to the free vitamin, it has 
been shown that PA phosphates are stable to alkali (1, 10). As early as 
1943, Neal and Strong (18) first demonstrated alkali-stable forms of PA 
which occurred in natural materials. They found that, after heating fresh 
tissues, like liver, with sodium hydroxide, a residual PA activity always 
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remained. This observation was confirmed by King, Fels, and Cheldelin 
(14) from another point of attack by the following experiment. The A. 
suboxydans activity of pork liver was completely lost after autoclaving 
the fresh tissue with sodium hydroxide. When this material was digested 
with papain and taka-diastase some PA activity for lactic acid bacteria 
reappeared. The reason why only a rather small residual activity was 
found in both cases was most probably due to incomplete liberation of the 
free vitamin from the alkali-stable form. At present, it is known that nei- 


3 2 


<2 


I 3 2 L J 


40 


0 20 60 10 
TIME IN’ MINUTES 
Fic. 1. Effect of alkali on the activity of CoA in various tests. The samples were 
heated in N sodium hydroxide at the temperature of a boiling water bath. Curve 
I, bound PA activity as measured with L. arabinosus after phosphatase and liver 
enzyme digestion; Curve II, A. suborydans activity after 40 hours incubation (14); 
Curve III, activity for acetylation of sulfanilamide. 


ther mylase P nor papain and taka-diastase can completely liberate the 
PA either from the synthetic phosphates or from CoA. 

It has been shown that a large part of the bound PA activity in CoA 
samples is not destroyed by heating with alkali (9). The alkali stability 
of PA phosphates suggested that the Neal and Strong factor might con- 
sist of such substances. Accordingly, a further study of the action of 
alkali on CoA samples of various purities was made. The results are 
illustrated in Fig. 1. 

It will be seen from Fig. 1 that about 70 per cent of the bound PA 
activity was not destroyed by alkali, even after prolonged heating. The 
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CoA activity dropped immediately, as did the activity for A. suborydans 
in a short period growth test (14). The destruction of 30 per cent of the 
original PA activity may be attributable to small amounts of alkali-labile 
forms of PA in the original samples, although this seems unlikely since no 
free pantothenate was present. More probably, the stability of the PA 
moiety was modified by substitution on the phosphate radical. Fig. 2 
shows a simplified possible structure of CoA which is slightly different 
from that proposed by Novelli (19). A second phosphate radical, not 
shown in Fig. 2, may well be present on the ‘‘y’’-hydroxyl, or as a substit- 
uent in the “R,” group. 

Apparently alkali can attack linkages 1, 7, 3, and 4 at varied rates. 
The results summarized in Fig. 1 are interpreted to mean that, once the 


CH (1) 3) 
HOCH, - ¢ - CH - CO + NHCH,COO 1 Ry BF 
| : 
Neal and 
Strong 
--|---@) 
O=P-0 factor 
--4---@) 
Ry 


Fic. 2. Suggested partial structure of CoA and of the LBF and alkali-stable fac- 
tors derivable fromit. Alkali attacks linkages 1,2,3, and 4 at varied rates. Autoly- 
sis attacks bonds 2, 3, and 4. Intestinal phosphatase attacks bonds 2 and 4. An 
unidentified avian liver enzyme attacks bond 3. The 2nd mole of phosphorus which 
appears to be present in CoA may be attached to the y-hydroxyl] or to the R; group. 


molecule is broken at bond 4, PA phosphate is formed which is rather re- 
sistant to alkali. However, at the start, cleavage at bonds 1 and 2 may 
have occurred to a certain extent: Therefore, only about 70 per cent of 
the bound PA activity remained, but this portion was relatively resistant 
to further alkaline hydrolysis. 

Autolysis presumably breaks bonds 2 and 3 and probably bond 4, thus 
rendering the vitamin free and available to lactic acid bacteria. This was 
the principle for the classical method of assay. Knowledge of the autolyz- 
ing enzyme is very incomplete, but it is beyond doubt that the tissues 
contain an abundant amount of phosphatase which can split bond 2 and 
presumably also bond 4. Bond 3 is split by the action of an unidentified 
avian liver enzyme which is now used for the liberation of PA from natural 
materials prior to microbiological assay (20). Therefore, the first step in 
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the isolation of CoA must be to inactivate the autolyzing enzymes by hot 
water extraction or other means. ‘ 

The above results on the effect of alkali on CoA demonstrate that the 
skeleton of the molecule contains alkali-labile and alkali-stable moieties. 
The alkali-stable moiety is presumably identical with the Neal and Strong 
factor and is evidently a PA phosphate. This idea is further supported by 
the fact that inorganic phosphate was not significantly increased, even 
after heating CoA preparations in N sodium hydroxide for 3 hours at 100°. 
Enzymic dephosphorylated CoA was active for L. bulgaricus, while the 
alkali-treated coenzyme, either per se or after dephosphorylation, did not 
show any LBF activity. Since LBF has also been shown to be destroyed 
readily by alkali (16), it is very probable that LBF is at least a part or 
even the whole of the alkali-labile moiety of CoA. 


The authors wish to thank Dr. E. E. Snell for the LBF concentrates 
and information regarding their compositon. Thanks are also extended 
to Dr. A. Kornberg for samples of purified nucleotide pyrophosphatase 
and for assistance in carrying out some of the tests of its effect on CoA. 


SUMMARY 


Highly purified nucleotide pyrophosphatase did not abolish the cata- 
lytic action of coenzyme A for acetylation of sulfanilamide. The Lacto- 
bacillus bulgaricus factor could be resynthesized to coenzyme A in the 
crude but not in the purified enzyme system for acetylation. About 70 
per cent of the bound pantothenic acid activity of coenzyme A remained 
after heating in N sodium hydroxide for 3 hours at 100°. On the basis of 
these results it was concluded that coenzyme A, as obtained in this labora- 
tory, is a phosphate, not a pyrophosphate derivative, and is composed of 
an alkali-stable part, probably consisting of a pantothenic acid phosphate, 
and an alkali-labile part, which probably represents the LBF factor. 
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The participation of coenzyme A (CoA) in numerous reactions involved 
in acetate metabolism has accentuated the need for a simple, direct assay 
for this substance. In this communication an improved enzymatic assay 
based on the method of Kaplan and Lipmann (1) is described, which is 
quicker and easier to carry out and gives more consistent and reproducible 
results. Aside from minor modifications in the composition of the reaction 
mixture and preparation of the apoenzyme, the main improvements are 
the use of a shorter reaction time, giving linear acetylation with time, and 
the substitution of 4-aminoazobenzene (AAB) for sulfanilamide as the 
substrate to be acetylated. In the acid solution used this compound has a 
characteristic absorption maximum at 497 muy, whereas the absorption of 
the acetylated product at this wave-length is only 5.7 per cent of that of 
the free amine on a molar basis. Accordingly, the extent of acetylation 
was measured directly by the decrease in absorption at 490 to 500 muy, and 
the diazotization and coupling procedure of Bratton and Marshall (2) 
was thus eliminated. 

Reagents—The acetylating apoenzyme was prepared from pigeon livers 
essentially as described by Kaplan and Lipmann (1), except that the livers 
were frozen overnight before use and homogenized directly from the 
frozen state into cold acetone in the chilled blendor. The apoenzyme pre- 
pared in this manner was generally about 25 per cent more active than when 
freezing was omitted. It was also low in residual CoA activity after 
aging. The blank acetylation in all cases was less than 10 per cent of the 
maximum obtained in the presence of an excess of CoA. 

An additonal 20 per cent increase in acetylation resulted when glu- 
tathione was substituted for cysteine. For this reason, glutathione was 
used routinely to maintain the activated state of the enzyme. However, 
cysteine can be used if very low levels of CoA are not being assayed. 

It was necessary to use AAB of high purity, as inhibition of enzymatic 
activity was noted with impure preparations. The Eastman Kodak prod- 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. Presented in part at the 
118th meeting of the American Chemical Society, Chicago, 1950. 
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uct was purified by treating a benzene solution with a small amount of 
charcoal, filtering, evaporating the benzene, and recrystallizing the residue 
from a petroleum ether-benzene solution.' Subsequently the crystallized 
product was dissolved in petroleum ether and chromatographed on a 
column of activated alumina (3). The column was developed with pe- 
troleum ether containing sufficient benzene (about 20 per cent, or some- 
what more, depending on the adsorptive powers of the alumina) to move 
the dye at a reasonable speed. The effluent fraction containing the major 
band was evaporated and the crystalline product used for the assays.’ 

Procedure—A reaction mixture was prepared as follows: 10 ml. of 0.2 
M sodium citrate, 2.5 ml. of 1.0 m sodium acetate, and 7 ml. of an aqueous 
solution containing 220 mg. of adenosinetriphosphate* were mixed, the pH 
adjusted to 7.0 with 1 N potassium hydroxide, and the mixture diluted to 
20 ml. 

The following ingredients were placed in each of a series of 15 X 100 
mm. test-tubes: (1) 0.1 ml. of 0.11 m glutathione, (2) 0.08 ml. of freshly 
prepared 1.0 m sodium bicarbonate, (3) 0.2 ml. of the above reaction mix- 
ture, (4) the coenzyme sample to be assayed, not to exceed 0.4 ml., (5) 
0.25 ml. of aged (1) apoenzyme preparation, (6) water to make 1.03 ml. 
Immediately before incubation, 0.1 ml. of 0.00033 m AAB (65 y) in 60 per 
cent alcohol was added rapidly by means of a micro blow pipette. The 
tubes were incubated for 30 minutes in a water bath at 37°. Enzyme 
action was then stopped by the addition of 1 ml. of a freshly prepared 20 
per cent solution of trichloroacetic acid (TCA) in 50 per cent alcohol, 
and the tubes were centrifuged. 1 ml. aliquots of the supernatants were 
diluted with 3 ml. portions of 10 per cent TCA in 25 per cent alcohol, and 
the transmission of the solutions was read on the Evelyn photometer with 
the 490 mu filter. 

Blank and standard tubes were simultaneously carried through the 
entire procedure. The blank was prepared and treated exactly as an 
experimental tube, except that no CoA sample was added. It thus pro- 
vided a correction for acetylation produced by any CoA present in the 
apoenzyme preparation. Blanks to compensate for interfering pigmented 
materials in the sample were not used in the present work, since only 
faintly colored samples were analyzed. However, duplicate experimental 
tubes stopped at zero time could doubtless be used to correct for such 
interference if necessary. 


1 Redistilled benzene and petroleum ether (b.p. 60-65°) must be used. 

2 This purification was carried out by Dr. J. A. Miller who kindly supplied a 
sample of the chromatographically pure AAB. 

Free acid. The disodium salt, generously supplied by the Pabst Brewing Com- 
pany, was also used and found entirely satisfactory. 
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Standard tubes were prepared and treated exactly like the experimental 
tubes except for the omission of apoenzyme and sample. These tubes 
were used to compensate for day to day variations in the light absorption 
produced by a given amount of dye. Since the color of the dye was very 
sensitive to changes in acidity, it is probable that this variation was caused 
by slight changes in the strength of the TCA reagent. This reagent should 
be freshly prepared for each assay and used within 1 hour. All readings 
on the Evelyn photometer were converted to the corresponding L (optical 
density) values, and the amount of dye acetylated in each experimental 
tube was then calculated as follows: 


L value of \ _ ( L value of experimental \ | ,, 65 
blank tube L value of standard 


= micrograms dye acetylated 


It was established in separate experiments that the optical density of 
the unacetylated dye solution followed Beer’s law within the experimental 
range when the 490 my filter was used. 


RESULTS AND DISCUSSION 


Since no pure sample of CoA was available for use as a primary stand- 
ard, a concentrate was set aside for this purpose. This concentrate had 
been prepared by charcoal adsorption of a hot water extract of fresh hog 
liver, elution of the charcoal with a pyridine mixture, and precipitation of 
the active material with acetone. It contained 1.5 per cent of bound 
pantothenic acid (PA) by Lactobacillus arabinosus assay after enzyme 
treatment (4) and 1 Lipmann CoA unit per 0.7 y of PA present. There- 
fore, essentially all of the PA was present in a CoA-active form. 

The extent of acetylation produced by increasing amounts of this con- 
centrate is plotted in Fig. 1. It will be noted that nearly all of the 65 
y of dye available were actually acetylated. Such curves were prepared 
with each series of samples assayed and were used as standard curves for 
evaluation of the unknown samples. The results were expressed in terms 
of CoA-active PA present. Each sample was assayed at three levels so 
selected as to cause acetylation of 5 to 50 y of the dye. At least two of 
the levels were required to fall in this linear portion of the standard curve 
before the assay was regarded as reliable. No difficulty was experienced 
in checking results at various levels tested to within +5 to 10 per cent. 


‘This expression is an approximation, since no correction has been made for the 
residual light absorption due to the acetylated dye. However, the error is small, 
being in the neighborhood of 5 per cent, and in any event is not involved in the 
interpretation of the assay results which depend only on the relationship between 
light absorption and the levels of the standard CoA preparation used. 
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Concordant values were also obtained on repeated assay of the same sam- 
ple. For example, the extreme values in a series of six replicate assays 
carried out at different times on the same material were 14.0 to 14.8 y of 
CoA-active PA per mg. 


60 


ug. AAB acetylated 


0 1 2 3 4 5 6 
ug. CoA active PA 
Fig. 1. Concentration-activity curve for PA bound as CoA 


TABLE I 
Comparative CoA Assay Values* 


Assay method 
Sample 
AAB Sulfanilamidet 

per mg per mg. 
Pigeon liver homogenate.................... 0.064 0.071 
Charcoal column fraction{....._. | 17.5 18.0 


* Expressed as micrograms of CoA-active PA per mg. of dry weight. 
t Lipmann CoA units X 0.7. 
t CoA concentrate fractions from hog liver. 


Comparative results on samples of widely different purities are presented 
in Table I. The two methods gave identical results within the limits of 
experimental error. 

In order to demonstrate that the action of the enzyme system actually 
resulted in acetylation of the dye, the acetylated product was isolated and 
identified in the following manner: A typical tube was prepared as above 
with an excess of CoA added to obtain maximum acetylation. After 30 


1- 
of 
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minutes incubation, 2 ml. of acetone and 3 ml. of benzene were added to 
stop the enzyme action and to extract the acetylated dye and residual 
basic dye. The mixture was centrifuged, and the aqueous layer separated 
and reextracted with acetone-benzene a second time. The combined ex- 
tracts were evaporated to dryness, and the residue taken up in benzene- 
petroleum ether (1:1). 

This solution was chromatographed from benzene-petroleum ether (2:5) 
on an activated alumina column and the column subsequently washed 
with benzene. No free dye was observed, but, if present, it would have 
been rapidly washed through the column under these conditions. The 


0 i 
300 400 500 
my. 
Fig. 2. Absorption spectra of AAB and its acetyl derivative. ©, authentic 


product; X, product isolated from enzymatic reaction mixture. Curve I, acetylated 
AAB; Curve II, AAB. 


main orange-yellow band, which remained at the top of the column, was 
then eluted with benzene containing 0.2 per cent methanol. An aliquot 
of the colored eluate showed the typical spectrum of 4-acetylaminoazoben- 
zene with a maximum at 348 my (Fig. 2), and, when subjected to a mixed 
chromatogram on alumina with an authentic sample, formed only a single 
band. Spectrophotometric estimation indicated that 103 per cent of the 
65 y of dye present in the original enzyme mixture was recovered in the 
form of the acetyl derivative. 

Another aliquot of eluate was hydrolyzed with alcoholic potassium hy- 
droxide and was rechromatographed on alumina. A single band easily 
eluted with 40 per cent benzene in petroleum ether was formed. The 
eluate showed the typical absorption spectrum of AAB (Fig. 2). The 


10 
5 
I II 
ed 
of 
lly 
nd 
ve 
30 


340 ASSAY FOR COENZYME A 


over-all recovery of the dye after acetylation and hydrolysis was 82 per 
cent. 


50 
40 
30 
<7 
2 10 
re) i i i — | 
0 1 2 3 4 
mg. ATP or ml.x10 of 


apoenzyme preparation 
Fic. 3. The effect of varying amounts of adenosinetriphosphate and apoenzyme 


on AAB acetylation. Curve I, apoenzyme (4 y of CoA-active PA present); Curve 


II, adenosinetriphosphate (1.9 y of CoA-active PA present). The arrows indicate 
levels used in the present system. 


ug. AAB acetylated 
w 


i=) 


0.0 0.01 0.02 0.03 
molarity 


Fig. 4. The effect of varying amounts of glutathione, acetate, and citrate on 
enzymatic acetylation of AAB. Curve I, glutathione; Curve II, acetate; Curve 
III, citrate. The arrows indicate levels used in the present system. 


The effects of the concentration of the enzyme, adenosinetriphosphate, 
glutathione, citrate, and acetate on acetylation were investigated, and the 
results are summarized in Figs. 3 and 4. Levels giving maximum acetyl- 
ation were chosen for the final system. No response is produced by sub- 
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stitution of the CoA by PA, its phosphates, PA conjugates, the alkali 
digestion product of CoA, diphosphopyridine nucleotide, or triphospho- 
pyridine nucleotide. 

It has been the object in this assay to establish an acetylation system 
which would be linear in response with respect to time for the period of 
incubation. Fig. 5 demonstrates the achievement of this objective. ‘Thus 
a larger range of coenzyme can be evaluated, since proportionality is 
linear with respect to coenzyme. The unit of CoA as described by Lip- 
mann activates this system to about one-fourth saturation. Since the 
time of incubation also is shorter than that used in Lipmann’s method, it 


2 


ug. AAB acetylated 
i] 


10 


0 15 30 45 60 
Minutes 


| Fic. 5. Rate of AAB acetylation in the presence of two levels of CoA-active PA. 
Curve I, 4.8 y of PA; Curve II, 3.6 y of PA. 


does not seem feasible to convert values obtained by the present method 
into Lipmann units. 


SUMMARY 


An improved enzymatic method is presented for the assay of coenzyme 
. A. The activity is measured as the stimulation produced by the coen- 
zyme sample on an acetylation system with 4-aminoazobenzene as sub- 
strate. This amine is strongly colored in acid solution but becomes nearly 


: colorless when acetylated. The measurement of activity is thus a direct 
colorimetric procedure involving no diazotization and coupling with a 
L second reagent. 


< The method gives a linear response with respect to time for the period 
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of incubation, requires only 30 minutes incubation, and has a linear range 
of 0.5 to 4.5 y of CoA-active pantothenic acid. 
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DETERMINATION OF DIETHYLSTILBESTROL AND ITS 
. GLUCURONIDE IN URINE* 


By R. 8S. TEAGUE anp ALBERT E. BROWNTt 


(From the Department of Pharmacology, the Medical College of Alabama, 
Birmingham, Alabama) 


(Received for publication, July 28, 1950) 


In this communication there is presented a method for the quantitative 
determination of diethylstilbestrol and its glucuronide in urine, by utilizing 
the color reaction of diethylstilbestrol with antimony pentachloride de- 
scribed by Dingemanse (2). Dingemanse (2), Dingemanse and Tyslowitz 
(3), and Bass and Salter (4) have also used the antimony pentachloride 
reaction to detect diethylstilbestrol in urine extracts. 


Procedure 


Extraction—An aliquot of urine is made acid to Congo red paper with 
9 N H3PQ,, cooled, and extracted three times with 2 volumes of peroxide- 
free ether. The ethereal solution is washed with 0.05 volume of 0.01 N 
H3PQ,, the aqueous layer is back-washed with 2 volumes of ether, and the 
aqueous washings are discarded. The combined ethereal solutions are 
concentrated. 

Separation of the glucuronide is accomplished by extracting the ethereal 
solution with 9 per cent NaHCQOs, once with 0.5 volume, twice with 0.25 
volume, and twice with 0.25 volume of water. The pooled aqueous fraction 
is washed twice with 0.2 volume of ether, which in turn is back-washed 
twice with 0.25 volume of the bicarbonate solution and once with 0.25 
volume of water. All aqueous solutions are pooled into a beaker (con- 
jugated fraction), while the combined ethereal solutions are transferred to 
a separatory funnel (free fraction). 


* This work was initiated by one of us (R. S. T.) while holding the Lewis Cass 
Ledyard, Jr., Fellowship at The New York Hospital, in the metabolism division 
of the Department of Medicine. It is a pleasure to acknowledge the kind guidance 
of Dr. Ephraim Shorr and Dr. Abraham Mazur in this work. Later support for the 
project was given by the following: the Research Committee of the University of 
Alabama, the Committee on Therapeutic Research of the Council on Pharmacy and 
Chemistry of the American Medical Association, and a research grant from the Di- 
vision of Metabolism and Endocrinology of the United States Public Health Service. 
A preliminary abstract has been published (1). 

We wish to thank Dr. Christian Wingard, Mr. Willard R. Starnes, and Mrs. Bobby 
E. Teague for assistance in some of the experiments. 

t Some of the data in this paper have been taken from a thesis submitted by 
Albert E. Brown for the degree of Master of Science, University of Alabama, 1950. 
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Short Method for Purification of Free Fractton—The ethereal solution is 
washed twice with 0.1 volume of freshly prepared 10 per cent Nas.CQs, 
and each aqueous layer is back-washed once with 2 volumes of ether; the 
aqueous washes are discarded and the ether layers are pooled. The ether 
is now washed with 0.1 volume of 0.1 N H3;PO,4. The aqueous layer is 
backwashed with 2 volumes of ether and discarded, while the ether is 
pooled. The ether is then washed twice with 0.1 volume of water, and 
each aqueous layer back-washed with 2 volumes of ether. The aqueous 
washes are discarded and the combined ethereal solutions are transferred 
to a boiling flask and evaporated almost to dryness; 1 ml. of ethanol is 
added and the flask heated on a steam bath under a stream of nitrogen 
until dry. The residue may be stored in a desiccator, but it is best trans- 
ferred quantitatively to a 25 ml. volumetric flask with absolute ethanol 
and stored in a refrigerator, where it is stable for months. ‘The final 
alcoholic solution should be clear or only faintly yellow. 

Long Method—If the antimony pentachloride reaction (see below) results 
in any discoloration, the following steps should be added. The alcoholic 
solution (above) is diluted with at least 5 volumes of ether and washed 
with 0.1 volume of 0.01 nN NaOH; the aqueous layer is back-washed with 
2 volumes of ether and discarded. The ethereal solutions are pooled and 
extracted with n NaOH, by using 0.5 volume twice and 0.2 volume three 
times. The aqueous solutions are pooled and washed once with 0.3 
volume of ether, and the ether is back-washed twice with 0.2 volume of n 
NaOH. The aqueous solutions, which now contain the sodium salt of 
diethylstilbestrol, are pooled in a beaker, and the ether is discarded. The 
aqueous solution is not allowed to stand, but it is quickly warmed and 
stirred to remove the excess ether, then cooled. With an outside glass 
electrode, the solution is adjusted to pH 11.0 with 9 N H3;PO, and trans- 
ferred to a separatory funnel. It is then extracted with ether, with 0.5 
volume twice and 0.25 volume three times. The aqueous layer is dis- 
carded; the ether is washed with 0.1 N H,PO,, ete., being treated from this 
point on as in the short method (with omission of the sodium carbonate 
wash). 

If the expected concentration of diethylstilbestrol in urine is below 0.4 
mg. per liter, one should proceed directly with the long method, substitut- 
ing it for the short. In this case, the ethereal solution containing free 
diethylstilbestrol is washed with 0.1 volume of 10 per cent NasCO;. The 
carbonate solution is back-washed with 2 volumes of ether; the ether is 
pooled and washed with 0.1 volume of 0.01 Nn NaOH, which is back-washed 
with 2 volumes of ether. The aqueous portions are discarded, while the 
ethereal solutions are pooled, concentrated, and extracted with n NaOH, 
etc., as described above. 

Hydrolysis of Glucuronide—The bicarbonate solution containing diethyl- 
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stilbestrol glucuronide (conjugated fraction) is made acid to Congo red 
paper with 9 n H;PQ,, warmed, and stirred to remove the excess carbon 
dioxide, cooled, and extracted three times with 2 volumes of ether. The 
ether is washed with 0.05 volume of 0.01 N H3PO,, and the aqueous layer 
back-washed with 2 volumes of ether. All aqueous layers are discarded; 
the ethereal solutions are pooled and evaporated in portions to dryness in 
a small boiling flask, the last of the ether being removed under a stream of 
nitrogen on a steam bath. The residue is dissolved in 15 ml. of hot 0.1 N 
NaOH and the solution transferred to a small beaker with four rinsings of 
the alkali. The solution is then cooled and nN H3PO, added until the pH 
is exactly 3.45 as measured with an outside glass electrode. The volume 
should be over 40 ml. Two 20 ml. aliquots are pipetted into two Leiboff 
urea autoclave tubes and the remaining volume is measured. The tubes 
are autoclaved for 90 minutes at 180°, cooled, and their contents trans- 
ferred to separatory funnels with one 20 ml. and one 10 ml. water washing 
for each. The aqueous solution is then extracted with ether, 1 volume 
being used once, 0.5 volume twice, and 0.2 volume once, and the autoclave 
tubes rinsed each time with ether. The combined ethereal solution con- 
taining diethylstilbestrol liberated from the conjugate is purified as in the 
case of free fraction. 


Determination of Diethylstilbestrol with Antimony Pentachloride 


Standards—A stock solution of recrystallized diethylstilbestrol is made 
in ethanol and dilutions are prepared to contain about 75 y per ml. Alli- 
quots are pipetted into 10 ml. volumetric flasks and the solvent removed 
in an oven at 80°. The samples should be stored in a desiccator until 
ready for use. 

Colorimetry—The residue from a standard in a 10 ml. flask is dissolved 
in hot chloroform, cooled, made up to volume, mixed, and 5 ml. of the 
solution are pipetted into a colorimeter tube. 6 drops (about 0.1 ml.) of 
the antimony pentachloride solution are added with a clean, dry medicine 
dropper, a fresh dropper being used for each tube. The optical density of 
the resulting red color should reach a maximum at 2} to 3 minutes. It 
should remain at that point for about 2 minutes and thereafter fade 
gradually. If the density is lower than expected or if it fades within 24 
minutes after the reagent is added, the chloroform should again be re- 
fluxed over Drierite or the antimony pentachloride solution should be 
renewed. Chloroform solutions of diethylstilbestrol should be protected 
from the air and estimated within 1 hour. The reaction is performed at 
room temperature. 

Fig. 1 is a calibration curve of the reaction under the conditions 
described. 

Aliquots of unknown ethanol solutions containing partially purified 
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diethylstilbestrol from urine extracts are treated in the same manner as 
the standards. It is better to evaporate different quantities of the ethanol 
rather than to dilute the final chloroform solutions. To avoid spoiling 
optical glassware, the tubes are cleaned as soon as possible by rinsing first 
in ethanol and then in water before being placed in cleaning solution. 


EXPERIMENTAL 


Reagents—Ethy] ether, peroxide-free. Technical grade ether is treated 
according to Maughan, Evelyn, and Browne (5) and distilled over Drierite. 
Chloroform, free of water, alcohol, and phosgene. Technical or U.S. P. 
chloroform is washed successively with 0.1 volume of concentrated sulfuric 
acid, 0.2 volume of freshly prepared 10 per cent sodium carbonate, 0.2 
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Fig. 1. Calibration curve of the red color produced by 5 ml. of a chloroform 
solution of diethylstilbestrol with 6 drops of the antimony pentachloride reagent; 
a Klett-Summerson photoelectric colorimeter with a green filter was used. The 
blank has been subtracted. 


volume of water three times, refluxed over Drierite for 1 hour, and filtered. 
Some brands of chloroform have been found to be unsatisfactory, ap- 
parently because of the rapid, continual formation of small amounts of 
phosgene. Good results have been obtained with Brown’s and Baker’s. 
Both the ether and chloroform can be used for 1 week if stored in a dark 
bottle under nitrogen. 

Antimony pentachloride, c.p. A 50 per cent solution by volume in puri- 
fied chloroform is used. A small amount of the solution is made fresh 
daily and renewed the same day if it is suspected of having deteriorated. 

Preservatives. ‘‘Preservagent’’ or chloretone may be used to preserve 
urine, but thymol and toluene should be avoided. The urine samples are 
refrigerated until the time of analysis. 

Other chemicals are reagent grade. Standard taper glassware is used 
throughout, as rubber connections cannot be employed. 
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Diethylstilbestrol Glucurontde—This compound was prepared from rabbit 
urine according to Mazur and Shorr (6). Dodgson et al. (7) state that the 
conjugate takes up 2 molecules of water of crystallization. We have 
found that the material, made anhydrous by drying én vacuo at 110° for 1 
hour, may rapidly take up a variable amount of water (also see Simpson 
and Smith (8)). The purity of the conjugate has been assayed by ele- 
mental microanalysis, by titration with standard base, and by application 
of the antimony pentachloride reagent after carefully controlled hydrolysis. 


TABLE | 


Colors Produced by Various Substances in Chloroform upon Addition of SbCl; 


Compound 


Color 


Diethylstilbestrol 
bene); its dipropionate; its monomethyl, dimethyl, 
diethyl, methyl butyl, monoheptyl, and mono- 
benzyl ethers; acetate, propionate, and butyrate of 
its monomethy] ether; its anhydrous glucuronide 

Phenolphthalein 

Dienestrol (4,4’-(diethylideneethylene)diphenol) ; its 
diacetate and dipropionate 

Hexestrol* (4,4’-dihydroxy-y,é-diphenyl-8, 5-n-hex- 
ane); its monomethyl, monobutyl, and monoamyl 
ethers; its monomethy!] ether acetate 

Benzestrol (3-ethyl-2,4-bis(p-hydroxypheny]) -hex- 
ane) 


Estrone, estriol, a-estradiol 
4,4’-Dihydroxydipheny], toluene 
Phenol, dilute 

Thymol 

Cholesterol, lecithin, oleic acid 


Salicylic acid, 4-hydroxybenzoic acid, benzoic acid, 


benzene, chloretone, sulfanilamide, androsterone, 


Fuchsin-red 


Fuchsin-blue 


Faint salmon-red 


Dark green turning brown; 
in dilute solution reddish 
brown 

Salmon, faint 

Deep yellow 

Yellow to green 

Brownish “ 

Brown 

No color but yellow of 
SbCl; 


pregnanediol glucuronide, epinephrine 


* Purity uncertain; see the text. 


Determinations of the pure material have been successful with the phenol 
reagent (9), and by estimation of the glucuronide moiety with naph- 
thoresorcinol, carbazole, or with copper reduction after hydrolysis. None 
of these methods, except the use of antimony pentachloride after hy- 
drolysis, was found to be satisfactory when applied to urine extracts. 


Antimony Pentachloride Reaction 


Qualitative color tests of the reaction of certain compounds with the 
antimony pentachloride reagent are presented in Table I. A few of these 
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substances have also been studied by Warren, Goulden, and Robinson 
(10). In applying the test to extracts of biological materials, the solutions 
should be free of indicators of the phthalein series, phenolic preservatives, 
other phenols, and lipides. Steps to accomplish this have been taken in 
the extraction procedure, but it has proved impractical to separate some 
of the natural estrogens from the final residues. Some estrone and perhaps 
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Fic. 2. Absorption spectra of colored solutions produced by the addition of 6 
drops of 50 per cent SbCl; in chloroform to chloroform solutions of various sub- 
stances. Readings obtained on a Coleman model 11 spectrophotometer with a 
purple filter (PC-4) and a 1 cm. cuvette with chloroform as a reference. @, diethyl- 
stilbestrol glucuronide anhydrous, < 0.017 mm per liter; A, diethylstilbestrol, 
0.0056 mm per liter; dienestrol, 0.00747 mm per liter; hexestrol recrystallized, 
0.171 mo per liter; O, SbCI;, 0.006 mm per liter. 

Fia. 3. Absorption spectra of solutions produced and read as for Fig. 2 with (@) 
phenolphthalein, 0.00989 mM per liter; (A) diethylstilbestrol, 0.0056 mm per liter, 
repeated for comparison; (©) a-estradiol, 0.177 mM per liter; (J) estrone, 0.167 
mm per liter. 


estradiol could be present. These two estrogens, however, were found not 
to interfere with the estimation of diethylstilbestrol, even in concentra- 
tions 14 times that of the latter (also see below and Fig. 3). 

The absorption spectra of the colors produced in the reaction of antimony 
pentachloride with a number of compounds have been obtained with a 
Coleman model 11 spectrophotometer (Figs. 2 and 3). The absorption 
curve produced by diethylstilbestrol was also obtained with a Beckman 
spectrophotometer, with good agreement. The relative intensity of some 
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of the colors is shown in Table II. Considerable variation among these 
substances was encountered as to the rate of color development and fading. 

The behavior of hexestrol in this reaction differs from the other synthetic 
estrogens. The fact that the optical density fell to one-third when the 
material was recrystallized once suggests that the material is impure and 
that the color is due to contaminants. It is probable that Dodgson et al. 
(7), who found a carmine color with hexestrol and antimony pentachloride 
(and even with its glucuronide isolated from rabbit urine), were working 
with an impure sample. Warren, Goulden, and Robinson (10) reported 
that hexestrol produced a yellow color in this reaction. 


TABLE II 
Optical Density; Concentration Constants of Colors Produced by Treating 
Chloroform Solutions of Compounds with Antimony Pentachloride 


Density read in 1 cm. cuvettes at absorption maxima except in the case of the 
natural estrogens. 


Concentration | Wave-length D Constant 
(d) 
(a) () (a) 
mm per my 
Diethylstilbestrol.................. 0.00560 520 0.309 55.2 
0.00754 530 0.342 45.4 
0.00989 510 0.410 41.5 
Diethylstilbestrol glucuronide™*..... <0.0170 520 0.356 >20.9 
.... 0.353 560 0.515 1.46 
recrystallized........... 0.171 550 | 0.084 0.491 
wh 0.167 | 520 0.109 0.653 
<0.1 | 520 | 0.112 | >0.112 


* Exact concentration unknown. 
t Saturated solution. 


These authors have studied the antimony pentachloride reaction as 
applied to urine extracts, but they obtained somewhat unsatisfactory 
results. Brownish colors were produced upon the addition of antimony 
pentachloride. Warren et al. used ethylene chloride instead of chloroform 
as a solvent for the antimony pentachloride reaction. We have tested 
this solvent as well as carbon tetrachloride, purified by the same method 
we used for chloroform. In both cases the color developed more slowly 
and the maximum density was lower than with chloroform. We also 
found the reaction to occur in Skellysolve B and in cyclohexane, but the 
density of the colors was low. 
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Distribution of Diethylstilbestrol and Its Glucuronide between Immiscible 
Solvent Pairs 


The results of the distribution studies are shown in Table III. These 
tests were performed at 26-30°. The concentration of estrogen in each 
phase was determined after purification. Free diethylstilbestrol was esti- 


TABLE III 


Distribution of Diethylstilbestrol and Its Glucuronide between Immiscible 
Solvent Pairs 


Oreanic solvent Aqueous olvent Amount | | 
Diethylstilbestrol 
mg. mi, per cent 
Water 2.076 200 99.8 65.5 
0.01 n H;PO, 2.076 200 99.1 | 110.0 
9% NaHCO; 2.076 200 100.8 | 251.0 
10% Na:CO; 0.0525 100 99.7 35.9 
0.01 n NaOH 2.076 200 95.8 42.5 
0.1 N NaOH 2.076 200 94.3 0.302 
1 n NaOH 0.0830 50 100.9 0.0734 
Petroleum ether....... 0.01 n NaOH 2.076 200 99.6 0.0618 
Diethylstilbestrol glucuronide 
Water 0.500 50 96.6 0.747 
0.01 Nn H;PQO, 1.03 50 99.3 8.37 
9% NaHCO; 0.300 50 95.8 0.0436 
0.01 n NaOH 0.300 50 103.2 0.0456 


* K is the distribution coefficient obtained from K = (C organic)/(C aqueous), 
where C is the concentration found in each phase. When the amount of solute 
found in one phase is excessively small, the accuracy of the determination is de- 
creased; hence less reliability can be attached to the actual figures for very high or 
very low values of K. 


mated with the antimony pentachloride reagent; the glucuronide was 
followed with the Folin-Ciocalteu reagent. 


Hydrolysis of Diethylstilbestrol Glucuronide 


The major difficulty in the development of this method has been the 
accurate estimation of diethylstilbestrol glucuronide. Although this com- 
pound when anhydrous reacts with the antimony pentachloride reagent, 
this method cannot be applied to unhydrolyzed extracts of a biological 
nature, because even pure samples are difficult to dehydrate and impure 
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samples dried at 110° tn vacuo produce interfering colors with the reagent. 
The hydrated compound is almost completely insoluble in chlorcform 
and the anhydrous substance takes up water very quickly. Consequently, 
it has been necessary to hydrolyze the conjugate and to determine the di- 
ethylstilbestrol liberated. We did not follow glucuronic acid in the hy- 
drolysate because diethylstilbestrol glucuronide was not separated from 
other glucuronides in urine and would therefore probably be overestimated. 
The possibility of conjugation of diethylstilbestrol with sulfuric acid has 
not been overlooked (11), but it is unlikely that an ethereal sulfate would 
be extracted from urine in this procedure. We are now investigating this 
phase of the metabolism of synthetic estrogens. 

The complete hydrolysis of the conjugate without loss of part of the 
diethylstilbestrol has proved to be an exceedingly difficult problem. Poor 
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Fic. 4. Yield of diethylstilbestrol from the hydrolysis of 0.5 mg. of diethyl- 
stilbestrol glucuronide in 20 ml. of aqueous NaOH-H,PQ, with the Leiboff urea auto- 
clave apparatus. The tubes were kept at 180° for 90 minutes. The solutions were 
then extracted with ether, the ether washed with water, evaporated to dryness, and 
the residues taken up in chloroform for the antimony pentachloride reaction. 


yields were obtained upon refluxing under many different conditions. It 
was found that diethylstilbestrol itself was sensitive to treatment with 
hot hydrochloric and sulfuric acids; hence acid hydrolysis of the glu- 
curonide probably resulted in the simultaneous destruction of diethyl- 
stilbestrol. 

A preparation of emulsin failed to hydrolyze the conjugate. Low 
yields were obtained with polydase (Schwarz Laboratories, Inc.). A 
crude preparation of 6-glucuronidase made from rat liver (12) hydrolyzed 
the material, yielding 66 per cent in 4 hours at pH 5 and 37.5°, but a 
sample of diethylstilbestrol itself deteriorated 34 per cent under the same 
conditions when estimated with the antimony pentachloride reagent. 

Consistently high yields were obtained only by autoclaving the material 
in the Leiboff urea apparatus with a NaOH-H;PO, buffer, with careful 
attention to the temperature and pH of the solution (Fig. 4). We finally 
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decided to use routinely a pH of 3.45 and to autoclave at 180° for 90 
minutes. Although this procedure almost always yielded over 90 per cent, 
we preferred to run diethylstilbestrol glucuronide standards along with the 
unknowns and make a correction for loss during autoclaving. 


Applications of Method 


Recovery from Urine—The results of applying this method to urine, to 
which has been added known amounts of diethylstilbestrol and its glu- 


TABLE IV 


Examples of Recovery of Known Amounts of Diethylstilbestrol and Its Glucu- 
ronide Added in Small Amounts of Ethanol to 100 Ml. of Urine 


ae “a | Estrogen added Estrogen recovered | Method 
mg. mg. per cent 

- Diethylstilbestrol 1.25 1.20 96.0 | Short 

2 Xa 1.00 1.03 103.0 | Long 

3 ve 0.250 | 0.244 97.6 | Short 
4 0.045 | 0.0428 95.1 

5 7 0.0225 | 0.0234 | 104.0 | Long 
6 A 1.25 1.34 107.2 
glucuronide 2.064 | 2.02 97.8 

7 1.00 0.997 99.7 | Short 
glucuronide 1.00 0.962 96.2 
0.030 | 0.0387 | 129.0 
glucuronide 0.500 | 0.511 102.2 
OT 0 0.008 

10 0.008 | Long 
glucuronide ' 0.300 | 0.461 | 2.2); * 

| glucuronide 0.023 


* Kept at 4° for 2 months without preservative. 
+ Kept at 4° for 3 days without preservative. 


curonide, are shown in Table IV. It will be seen that good recoveries are 
obtained with concentrations of diethylstilbestrol above 2 y perml. Above 
this level free diethylstilbestrol has been recovered with a precision of 
97.8 per cent + 1.1 s. e., and above 20 y per ml. the glucuronide has been 
recovered with a precision of 95.7 per cent + 1.4s.e. Values for diethyl- 
stilbestrol glucuronide were corrected for loss during autoclaving. 

It should be noted that the deterioration of diethylstilbestrol in aqueous 
solution observed by Smith and Williams (13) by biological assay was not 
evident with our method. Nor have we experienced deterioration with 
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alcoholic solutions, as reported by these workers. Solutions of diethyl- 
stilbestrol and its glucuronide in ethanol were found to keep in a refrigerator 
for a year, and dried samples of diethylstilbestrol to keep in a desiccator 
for months without deterioration when estimated by the antimony penta- 
chloride reagent. 

Since it has been shown that diethylstilbestrol is unstable on standing 
in alkali (13, 14), the time of contact with alkali should be kept at a mini- 
mum. Under the conditions described in our method, no loss of diethyl- 
stilbestrol was found. 

Blood—The method has been successfully applied to blood and serum 
to which known amounts of diethylstilbestrol have been added. The 
blood was added to 20 volumes of water, acidified with phosphoric acid, 
and treated in the same manner as the urine samples. When 0.05 to 0.5 
mg. of diethylstilbestrol were added to 10 ml. of blood or serum, 81 to 102 

cent was recovered. Attempts to extract Folin-Wu filtrates or filtrates 
Born the treatment of blood with alcohol or acetone and ether mixtures 
were unsuccessful, the estrogen apparently being firmly bound to protein. 

Tissue—Attempts to extract diethylstilbestrol quantitatively from tissue 
were unsuccessful, recoveries varying from 0 to 70 per cent. However, 90 
per cent of added diethylstilbestrol glucuronide was recovered from dog 
brain. The tissues were ground in a mortar with sand and saline, a small 
amount of the estrogen was added in ethanol, and the paste diluted with 
water, acidified, and extracted with ether as before. 

Studies on the metabolism of synthetic estrogens by this method will be 
reported later. 

There are two features in this method which might be generally employed 
with profit in urinary steroid studies: (1) the use of phosphoric acid through- 
out, which may be less destructive to steroids than hydrochloric or sulfuric 
acid; (2) the use of an autoclave with a phosphate buffer for the hydrolysis 
of conjugated glucuronides. 


SUMMARY 


A method for the determination of small amounts of diethylstilbestrol 
and its glucuronide has been developed. This method employs the chro- 
mogenic reaction of synthetic estrogens with antimony pentachloride, 
which has been standardized and applied to urine extracts. 

The distribution of diethylstilbestrol and its glucuronide between certain 
immiscible solvents has been determined. The hydrolysis of diethyl- 
stilbestrol glucuronide under various conditions has been studied, and a 
procedure for obtaining a maximum yield of diethylstilbestrol developed. 

On the basis of these data, a method for the extraction and partial 
purification of these estrogens from urine has been described. 
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ON THE CONVERSION OF PALMITIC ACID TO STEARIC ACID 
IN ANIMAL TISSUES* 


By IRVING ZABINt 


(From the Department of Biochemistry, University of Chicago, 
Chicago, Illinoia) 


(Received for publication, October 27, 1950) 


Tracer studies have revealed that acetate is an important building block 
for the synthesis of the fatty acids in animal tissues. Rittenberg and 
Bloch (1), by feeding labeled acetate to mice and rats, demonstrated 
that acetate is utilized in the formation of the higher fatty acids, and 
that in this process the carbon atoms of acetate are uniformly distributed 
along the fatty acid chain. Brady and Gurin (2), using rat liver slices, 
recently reported results which indicate that in vitro also acetate carbon 
becomes evenly distributed along the fatty acid chain. 

The findings obtained in the present investigation show that under 
certain ¢n vitro conditions and in the fasted animal the distribution pattern 
of acetate carbon in the higher fatty acids is markedly different from that 
observed in the earlier studies. This result permits certain conclusions 
to be made regarding the mechanism of chain elongation. The saturated 
fatty acids formed from carboxyl-labeled acetate either in vivo or in vitro 
were isolated and the isotope content of the total molecule, the carboxy] 
carbon, and the 2 terminal carbon atoms of the chain was determined. 
In one case, individual fatty acids were separated by fractional distillation 
of the methyl] esters. 


EXPERIMENTAL 


Incubation Experiments (Experiments 2, 3, and 4)—Slices were cut by 
hand from livers of male rats of the Sprague-Dawley or Yale strain, weigh- 
ing 60 to 100 gm. 1.5 gm. of liver slices were incubated in 12 ml. of Krebs’ 
phosphate buffer (3), pH 7.4, which contained 3 mg. of 1-C'4-sodium acetate. 
The flasks were shaken at 37° for 6 hours in oxygen. Eight or more flasks 
were combined for isolation of the fatty acids. 

Feeding Experiments—In Experiment 1 the saturated fatty acids were 
isolated from the liver of a 200 gm. male Sprague-Dawley rat which on 
each of 7 days had been given 1 mm of 1-C-sodium acetate (25.99 atom 


* Supported by grants-in-aid from Swift and Company and from the Life Insurance 
Medical Research Fund. 

+ Present address, Department of Physiological Chemistry, School of Medicine, 
University of California, Los Angeles 24, California. 
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per cent excess C'*) per 100 gm. of rat weight, mixed with 12 gm. of a fat- 
free diet (4). In Experiment 5, a 200 gm. male Sprague-Dawley rat was 
fasted for 24 hours, given by stomach tube 1 mm of 1-C''-sodium acetate 
dissolved in H.O, and sacrificed 6 hours later. The saturated fatty acids 
were isolated from the liver. 

Separation and Degradation Procedures—After hydrolysis of the liver 
tissue in alcoholic KOH, the saturated fatty acids were separated by way 
of the lead soaps (5). Sufficient material for the degradations was obtained 
by adding normal palmitic acid to the labeled fatty acids. One portion of 
the fatty acid mixture was decarboxylated with iron powder by the method 
of Easterfield and Taylor (6), and another portion was oxidized with 
chromic acid to acetic acid (7). The acetic acid resulting from this oxi- 
dation is derived from the terminal 2 carbon atoms of the fatty acids, 
and was isolated as the silver salt. Duclaux constants were determined 
in some cases to confirm the purity of the acetic acid obtained by the 
oxidation. | 

90 mg. of the saturated fatty acids isolated from the incubation mixture 
of Experiment 4 were converted to the methyl esters with diazomethane. 
The esters were then mixed with 0.52 gm. of non-isotopic methyl palmitate 
and 3.91 gm. of non-isotopic methyl] stearate and fractionated in vacuo on a 
Podbielniak column. The separated esters were hydrolyzed and recrystal- 
lized from aqueous alcohol or acetone. Stearic and palmitic acids had 
melting points of 69.4° and 60.6°, respectively. The distillation was not 
repeated because of the small amounts of material available, but it can be 
assumed that the palmitic acid was contaminated with stearic acid to a 
maximal extent of 5 per cent. 

Isotope Analyses—All isolated compounds were converted to COs in a 
micro combustion apparatus at 900°. The isotope analyses were carried 
out as previously described (8). The C™ values are expressed as counts 
per minute of an infinitely thick sample of BaCO; of constant area. 


RESULTS AND DISCUSSION 


Data of Rittenberg and Bloch and of Brady and Gurin (Table I) show 
that, under their experimental conditions, carboxyl-labeled acetate gives 
rise to fatty acids in which the carboxyl carbon atom has approximately 
twice the isotope concentration of the total saturated fatty acid molecule. 
Experiment 1, carried out under the same conditions as those of Rittenberg 
and Bloch, gave similar results. These data are best explained by as- 
suming that the carbon atoms of acetic acid are distributed uniformly 
along the chain with the tracer in every odd carbon atom of the fatty acid. 

In contrast, in liver slices under the present conditions or in the fasted 
intact animal, an asymmetrical distribution of the isotope was found 


I. ZABIN 357 


(Table I). In Experiments 2 and 3 the carboxyl carbon atom had a spe- 
cific activity approximately 3 times that of the total saturated fatty acid 
molecule, and in Experiment 4 the ratio of the two isotope concentrations 
was about 7. After administration of acetate to a rat fasted for 24 hours 
(Experiment 5), the isotope distribution in the saturated fatty acids of 
the liver likewise indicated a high degree of asymmetry. Oxidation to 
the acetic acid, which is derived from the w and w-1 carbon atoms of the 


TABLE 
Distribution of Isotope from 1-C'- and 1-C-Acetate in Liver Saturated 
Fatty Acids 
Experiment No. Acetate R. I. C.* ~ 4 

(1) (2) (3) (4) (5) 
Rittenberg and Bloch (1); fed 0.16 0.29 

animal, atom % excess C8 
Brady and Gurin (2); liver 34 54 

slices, c.p.m. per mg. C 
1. Fed animal, alom % ez- 0.12 0.245 | 0.10f 

cess C'8 
2. Slices, c.p.m. 2.7 X 104 | 0.48 130 380 80 
1 X 108 0.37 90 290 60 
ce a 1.6 X 107 | 0.019 50 365 25 
5. Fasted animal, c.p.m. 5 X 105 0.016 13 78  =8 


* Relative isotope concentration = (Column 3)/(Column 1) X 100. In Experi- 
ments 3, 4, and 5, the liver saturated fatty acids were diluted with non-isotopic 
palmitic acid before analysis and degradation. In these cases the isotope concentra- 
tions of the undiluted fatty acids were calculated to determine the R. I. C. 

+ The chromic acid used for the oxidation was found to be contaminated with acetic 
acid to the extent of 10 to 20 per cent of the yield. The true value would therefore 
be 0.11 or 0.12. All other oxidations were carried out with purified chromic acid 
solution, 


saturated fatty acids isolated in Experiments 2 to 5, confirmed the fact 
that an unequal isotope distribution existed along the chain. 

In the liver slice experiments it will be seen — the smaller the uptake 
of C4 (Column 2, Table I), the greater was the 4symmetry in the isotope 
distribution. Since the uptake of C'-acetate into the fatty acids of a 
fasted rat is markedly lower than of a fed rat, a similar correlation seems 
to exist in vivo. The lower relative isotope concentration found in these 
experiments is presumably due to a decreased rate of fat synthesis, and 
it would follow therefore that an unequal distribution of acetate carbon 
in the fatty acids will result whenever the rate of fat synthesis is slow. 
The disagreement of these results with those of Brady and Gurin (2) may 
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be due to their use of bicarbonate buffer rather than phosphate buffer, 
which was employed in the present experiments. Bloch and Kramer (9) 
found that twice as much isotope from labeled acetate is incorporated into 
fatty acids in bicarbonate as in phosphate buffer, and it is probable there- 
fore that the rate of synthesis of the fatty acids in the experiments of Brady 
and Gurin was greater than in the experiments reported here. 

In order to determine the isotope distribution in individual components 
of the total saturated fatty acids, the fatty acid mixture of Experiment 4 
was fractionally distilled, and the palmitic and stearic acid fractions were 
separately degraded. It may be seen (Table II) that almost the entire 
C™ content of the stearic acid can be accounted for by the radioactivity 
of the carboxyl carbon atom. The remaining C™ appears to be uniformly 
distributed along the chain (carbon atoms 3 to 18). Thus, the specific 
activity of stearic acid, when calculated from the isotope concentrations 


TaBLeE II 
Distribution of Acetate Carbon along Chain of Palmitic and Stearic Acids 
Total fatty acid* Carboxyl CO: Terminal acetic acid 
c.p.m. C.p.m. C.p.m. 


* The absolute isotope values of palmitic and stearic acids may not be compared, 
since the original concentrations of these acids in the liver fat were not known, and 
thus the two acids were diluted by carrier to an unknown extent. 


of the degradation products, ¢.e., COz and CH;COOH, (16 K 4 + 305)/ 
18 = 20.5, is almost identical to that found for the total molecule, 20. 
In contrast, the isotope concentrations in palmitic acid and its degradation 
products indicate only a very slight degree of asymmetry in the distribution 
of acetate carbon. ‘The fact that the carboxyl carbon atom of the palmitic 
acid fraction contains somewhat more than twice the C™ concentration of 
the total molecule may be due to the admixture of a small quantity of 
unevenly labeled stearic acid. 

On the basis of these data it appears that the unequal isotope concen- 
trations found in the fatty acids under conditions which are unfavorable 
for fat synthesis are primarily due to the elongation of palmitic to stearic 
acid, and that under such circumstances the rate of this latter reaction 
decreases proportionally much less than the formation of fatty acids by 
total synthesis from 2-carbon units. 

Stetten and Schoenheimer (10), using deuterium-labeled palmitic acid, 
demonstrated its direct conversion to stearic acid in vivo. The results 
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reported here show that this elongation involves condensation with acetate, 
or a 2-carbon particle derived from acetate, and that the addition takes 
place at the carboxyl end of palmitic acid. A similar lengthening of the 
carbon chain of some of the other fatty acids may also occur, but under 
the present experimental conditions these processes could not be demon- 
strated. The addition of a 2-carbon unit to the carboxyl group of a fatty 
acid or fatty acid precursor reported here for animal tissues is analogous 
to the reactions found by Barker, Kamen, and Bornstein in microorgan- 
isms (11). These authors in their study on caproic acid formation by 
Clostridium kluyvert showed that the carbon atoms of ethanol added to the 
carboxyl end of butyric acid to form the higher fatty acid. 


The author is deeply grateful to Dr. Konrad Bloch for constant en- 
couragement and valuable suggestions in the course of this work. 


SUMMARY 


1. Fatty acid synthesis from carboxyl-labeled acetate in liver was studied 
in a fasted rat and in rat liver slices. Acetate carbon was found in greater 
concentration in the carboxyl position than in the remainder of the satu- 
rated fatty acid chain. 


2. Stearic acid, separated by the fractional distillation of the methyl 
esters of saturated fatty acids of rat liver after incubation with carboxyl- 
labeled acetate, contained almost all of the isotopic carbon in the carboxy] 
position. This finding demonstrates that chain elongation occurred by 
addition of 2 carbon atoms to the carboxyl end of palmitic acid. 
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INHIBITION OF DIPHOSPHOPYRIDINE NUCLEOTIDE- 
REQUIRING ENZYMES BY NICOTINAMIDE* 


By PHILIP FEIGELSON, J. N. WILLIAMS, Jr., ano C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, November 1, 1950) 


For many years nicotinamide has been employed in systems in vitro to 
inhibit the activity of the nucleosidase which destroys diphosphopyridine 
nucleotide (DPN) (1, 2). Since nicotinamide is one of the products of 
the reaction (3), this is clearly an example of product inhibition. How- 
ever, the use of nicotinamide as an inhibitor for other enzyme-catalyzed 
reactions has not been investigated. 

In the course of a study on dietary factors influencing enzyme systems, 
it was noted that the addition of nicotinamide to a liver homogenate in 
higher concentrations than are usually employed resulted in considerable 
inhibition of the endogenous respiration, and that the inhibition could be 
reversed by the addition of DPN. The present report constitutes an 
investigation of the mechanisms of these phenomena. 


EXPERIMENTAL 


In the initial experiments liver homogenates were used and the en- 
dogenous respiration observed. In later experiments a purified enzyme 
system was employed, in which the one-step oxidation of malic acid to 
oxalacetate was followed. 

Homogenate Studies—Adult male rats, Holtzman strain, were fed syn- 
thetic or natural rations complete in all respects. For each experiment 
an animal was sacrificed by decapitation, and the liver was removed, 
chilled in cracked ice, blotted free of moisture, and homogenized (Potter- 
Elvehjem glass homogenizer) in 5 parts of ice-cold 0.039 m sodium po- 
tassium phosphate buffer (pH 7.3) (4). 1 ml. of the resulting homogenate 
was rapidly pipetted into prepared Warburg flasks kept in cracked ice. 
The flasks contained 0.2 ml. of 10 per cent potassium hydroxide in the 
center well and various known amounts of DPN and nicotinamide, at 
pH 7.3, in the side arms. The DPN concentration was spectrophoto- 
metrically estimated after chemical reduction by a modification of the 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Research Committee 
of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation, and by a grant supplied by the Nutrition Foundation, Inc., New York. 
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method of Gutcho and Stewart (5). Water was added to each side arm 
to bring the volume of the side arm to 0.5 ml. All flasks were run in 
duplicate. The flasks were equilibrated in a Warburg bath at 30° for 5 
minutes, the side arm contents added, the stop-cocks closed, and the 
oxygen uptake noted at the end of 10 minutes. In this manner the 
quantitative effects of added nicotinamide and DPN on the endogenous 
respiration of the liver homogenate were obtained. 

Fig. 1 depicts the initial observation which motivated this study. The 
rats were fed a nutritionally complete, synthetic ration (6), and each 
point on the curves represents the mean of three experiments. It is ap- 
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Fig. 1. Effect of DPN on endogenous oxygen uptake of liver in absence and 
presepce of nicotinamide. 

Fie. 2. Effect of various levels of nicotinamide on endogenous respiration of 
liver homogenates. 


parent that in the absence of nicotinamide DPN was not limiting the rate 
of respiration; otherwise DPN supplementation would have resulted in 
stimulation. The presence of 0.5 mm of nicotinamide produced con- 
siderable inhibition which was reversed by supplements of DPN. Thus 
it appeared that nicotinamide at the level tested caused DPN to be rate- 
limiting in the respiration scheme. 

When at a fixed level of DPN the amount of nicotinamide added was 
varied from 0 to 10-* mole, the results presented in Fig. 2 were obtained. 
It will be noted that the highest level of nicotinamide tested caused con- 
siderable inhibition. However, at the low levels some stimulation oc- 
curred. This stimulatory effect is compatible with previous observations 
(2) and is probably due to protection of the DPN from destruction by the 
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DPN nucleosidase. At an intermediary level of nicotinamide the oxygen 
uptake was almost identical to that with no nicotinamide. At this con- 
centration of nicotinamide a balance between its stimulatory effect (due 
to nucleosidase inhibition) and its inhibitory effect was obtained. At 
higher levels of nicotinamide its inhibitory activities exceeded its stimu- 
latory action and resulted in a net decrease in respiratory rate. 

In an attempt to determine the nature of this inhibition by a 
Lineweaver-Burk type of plot (7, 8), at each of two levels of nicotinamide, 
the DPN concentration was varied over a wide range. This type of ex- 
periment yielded non-linear results when the reciprocal of the reaction 
velocity was plotted against the reciprocal of the DPN concentration. 
This was believed to be largely due to the complexity of the system 
studied, since the endogenous respiration reflects the activity of numerous 
enzyme-catalyzed reactions, the various members of which might be 
influenced to varying degrees by the nicotinamide and DPN. Another 
complicating factor was the presence in the homogenate of the DPN 
nucleosidase which was responsible for the stimulatory effects of low 
concentrations of the inhibitor. In the light of these factors further 
studies into the nature of the inhibition induced by nicotinamide were 
made with a purified enzyme system and a one-step DPN-catalyzed 
reaction. 

Purified Enzyme Studies—A partially purified, soluble malic dehydro- 
genase was prepared (9) which, in the accompanying diagram, catalyzed 
the oxidation of malate to oxalacetate, utilizing DPN asa coenzyme. The 
system contained the following constituents, the exact concentrations of 
which are given with Figs. 3 to 6: malic dehydrogenase, DPN, sodium 
cyanide, potassium ferricyanide, and sodium bicarbonate. The use of 
ferricyanide as an oxidant for DPNH, has been previously described 
(10, 11), as has the use of cyanide to combine with the generated oxal- 
acetate (12). The latter compound is an effective inhibitor for this 
enzyme and therefore need be removed. The reaction sequence therefore 
is shown in the accompanying diagram. 

malic 


Malic acid + DPN — oxalacetate + DPNH, 
dehy drogenase 


HCN I+ 2Fe(CN).™ 
OH DPN + 2Fe(CN),.* + 2H* 


CN—C—COOH 
2HCO,;- + 
CH,:—COOH 
2H,0 + 2CO, 
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Some evolution of CO, occurred in the absence of added malate; there- 
fore all values given as malate oxidation represent the difference between 
that evolved in the absence and that in the presence of malate. This 
endogenous formation of acid might be due to the presence of other oxi- 
dative enzymes and their substrates as contaminants in the enzyme 
preparation or to the newly discovered nucleotide pyrophosphatase (13) 
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Fic. 3. Effect of nicotinamide on enzymatic oxidation of malic acid. All the 
Warburg flasks contained 0.5 ml. of malic dehydrogenase solution, 1.0 ml. of DPN 
solution (496 y per ml.), 0.1 ml. of freshly neutralized 0.5 m NaCN, 0.3 ml. of 0.465 
mM NaHC0O,, 0.2 ml. of 0.5 m K;Fe(CN)., and the indicated concentrations of nico- 
tinamide; duplicate flasks with and without 0.2 ml. of 0.5 m sodium l-malate were 
run and water was added to make a total volume of 3.0 ml. Enzyme solution was 
placed in the side arm and added after temperature equilibration was complete. A 
Warburg respirometer at 37° and an atmosphere of 5 per cent CO.-95 per cent N, 
were employed. The reaction time was 50 minutes. The pH optimum for malate 


oxidation in this system was found to be 7.9; therefore all solutions added were at 
this pH. 


whose hydrolytic action on DPN would result in acid formation and 
therefore CO, evolution from the bicarbonate buffer. 

A typical experiment demonstrating the effect of nicotinamide on the 
rate of oxidation of malate is presented in Fig. 3. The nicotinamide 
caused definite inhibition of this enzymatic reaction, the degree of in- 
hibition varying directly with the concentration of the inhibitor. The 
reaction rate decreased sharply at low inhibitor levels and continued to 
decrease until on addition of 2.0 mm of nicotinamide the reaction rate was 
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decreased to 19 per cent of its normal value. It is to be noted that low 
levels of nicotinamide resulted in strong inhibition in this purified enzyme 
system, whereas comparable concentrations of nicotinamide stimulated 
the respiratory activity of homogenates. At higher levels of nicotinamide 
there was inhibition in both the homogenate and purified enzyme systems. 
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Fig. 4. The reaction velocity of malic dehydrogenase as a function of enzyme 
concentration in the presence and absence of nicotinamide. The main compart- 
ments of all flasks contained 1.0 ml. of DPN solution (364 y per ml.), 0.1 
ml. of freshly neutralized 0.5 m NaCN, 0.3 ml. of 0.465 mw NaHCOs,, 0.2 ml. of 0.5 
mu K;Fe(CN).; nicotinamide was added as 0.2 ml. of 2.87 mM nicotinamide solution; 
duplicate flasks with and without 0.2 ml. of 0.5 m sodium /-malate were run; water 
added to make the volume of the main compartment to 2.8 ml. In side arm was 
placed the indicated volumes of malic dehydrogenase; water added to make the 
volume to 0.2 ml. Following thermal equilibration, the contents of the side arm 
were added to the main compartment and the stop-cocks closed. Warburg respi- 
rometer at 37°; 5 per cent CO.-95 per cent N». Reaction time, 40 minutes. 


‘The traditional method for determining the mechanism of inhibition is 
to prepare a Lineweaver-Burk type of plot (7, 8). It has, however, been 
recently emphasized (14) that there are types of inhibition for which the 
Lineweaver-Burk plot may be misleading. Im these cases the enzyme 
combines with the inhibitor in a pseudoirreversible manner and the per- 
centage of inhibition varies with the amount of enzyme present. This 
latter type can be readily reeognized if one determines enzyme activity, 
with and without inhibitor, as a function of the enzyme concentration 
(14). The mean result of two such experiments is shown in Fig. 4. The 
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point of interest is that both in the presence and absence of nicotinamide 
the lines intercept the abscissa at the origin. This indicates that the 
inhibition is reversible and that the extent of inhibition does not vary 
with the enzyme concentration; thus one may safely study the phenome- 
non further by the Lineweaver-Burk type of analysis. 

The following experiment was undertaken to obtain still more evidence 
that the relationship between DPN and nicotinamide was a true com- 
petitive one and to calculate the Michaelis constant for the enzyme- 
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Fic. 5. Competitive reversal of nicotinamide inhibition by DPN. The main 
compartment of all flasks contained 0.1 ml. of 0.5 m freshly neutralized NaCN, 0.2 
ml. of 0.56 m K;Fe(CN)., 0.3 ml. of 0.465 m NaHCO,, either 0.05 ml. (upper curve) 
or 0.20 ml. (lower curve) of 2.87 m nicotinamide solution, and at each nicotinamide 
level either 0.2, 0.5, 1.0, or 1.8 ml. of DPN solution (364 y per ml.). Duplicate flasks 
with and without 0.2 ml. of 0.5 N sodium /-malate were run; water added to make the 
main compartment 2.8 ml.; 0.2 ml. of malic dehydrogenase placed in all side arms 
and added after temperature equilibration. Warburg respirometer at 37°; 5 per 
cent CO,-95 per cent N:. The results are means of two identical experiments. 
Reaction time, 50 minutes. 


inhibitor complex (K,). At each of two levels of nicotinamide the DPN 
concentration was varied over a wide range and the rate of oxidation of 
malate was measured. The mean results of two such experiments are 
expressed in Fig. 5 in a Lineweaver-Burk plot, where the reciprocal of the 
enzyme activity is plotted against the reciprocal of the DPN concentra- 
tion. The fact that the upper line intersects the ordinate at the same 
point as does the lower line indicates again that nicotinamide inhibition 
was competitively reversed by DPN. Were the relationship non-com- 
petitive, the upper line would intersect the ordinate above the lower line 
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(7, 8). A quantitative estimation of the AK; was made for each of the 
lines on Fig. 5 and the mean K;,; was found to be 0.113 m. One of the 
parameters in the expression for calculating K; was the Michaelis constant 
for the enzyme-DPN complex (Kppy). This constant, Kppy, was there- 
fore experimentally determined, as demonstrated in Fig. 6. Two such 
estimations were made and were respectively 4.85 xX 10-5 m and 
2.50 X 10-* m; the mean Kppy was 3.67 K 10-5 Mm. In addition to being 
necessary for the calculation of K;, this value for Kppy may be compared 
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Fig. 6. Determination of the Michaelis constant (Kppn) for malic dehydrogenase- 
DPN complex. The center compartments of all flasks contained 0.1 ml. of 0.5 m 
freshly neutralized NaCN, 0.2 ml. of 0.56 m KsFe(CN).,0.3 ml. of 0.465 m NaHCO,, 
and either 0.2, 0.6, 1.0, or 1.5 ml. of DPN solution (437 y per ml.). Duplicate cups 
with and without 0.2 ml. of 0.5 m sodium /-malate were run; water added to make the 
total volume of the main chamber to 2.5 ml. All side arms contained 0.5 ml. of 
malic dehydrogenase, which was added to the main chamber after thermal equilibra- 
tion. Warburg respirometer at 37°; 5 per cent CO2-95 per cent Nx Reaction time, 
20 minutes. 


with that of the nicotinamide. The ratio of the affinity for the enzyme of 
the natural coenzyme to that of the inhibitor is 3100:1. Thus the en- 
zyme has 3100 times the affinity for DPN that it has for nicotinamide. It 
is this difference in affinities which explains the need for such high concen- 
trations of nicotinamide relative to the DPN with which it is in com- 
petition. 


DISCUSSION 


Our data indicate that, in at least two test systems in vitro, nicotin- 
amide competitively inhibits the electron-transferring function of DPN. 
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This effect should be considered when nicotinamide is used as a protective 
agent for DPN in homogenates containing DPN nucleosidase activity. 
As demonstrated in Fig. 2, there is an optimum concentration of nicotin- 
amide when the balance between its protective and inhibitory activities is 
such as to favor maximum oxygen uptake. With a purified enzyme 
system (containing little or no DPN nucleosidase activity) no beneficial 
effects are manifested and inhibition is observed at all levels of nicotin- 
amide tested (Fig. 3). 

In a previous report (6) it was noted that the endogenous respiration of 
liver homogenates prepared from rats on tryptophan-free rations was 
drastically lowered by the inclusion of a high level of niacin (20 mg. per 
cent) in the ration. This might indicate that under certain conditions 
high niacin intake results in a competition in vivo between niacinamide 
and liver DPN. 

Competitive inhibitors have in the past proved to be powerful tools in 
the study of many problems in enzyme chemistry. No competitive in- 
hibitor for the oxidative functioning of DPN has, to the knowledge of the 
authors, been previously described and it is suggested that nicotinamide 
may be employed in the study of some aspects of DPN-enzyme relation- 
ships. It may, for example, be possible to determine whether nicotin- 
amide inhibits the activity of the recently described DPN conjugated 
glyceraldehyde phosphate dehydrogenase (15). This may provide direct 
evidence indicating whether the DPN is firmly bound to its apoenzyme or 
whether it has a finite dissociation constant. Similar studies with washed 
residue (cyclophorase) preparations might clarify a current uncertainty as 
to the extent of dissociation of these DPN-apoenzyme complexes (16). 
Another possible application of this inhibitor may be in the determination 
of the nature of the coenzyme in certain oxidative enzymes in which the 
coenzyme as yet remains uncertain. If nicotinamide inhibits the activity 
of an enzyme and this inhibition is reversed by DPN supplements, this 
should constitute strong indirect evidence that DPN is involved in the 
reaction. 


SUMMARY 


It has been demonstrated that high levels of nicotinamide lower the 
endogenous respiration of rat liver homogenates. This effect was reversed 
by DPN supplements. The nature of this nicotinamide-DPN relation- 
ship was further studied in a purified malic dehydrogenase system. It 
was found that the relationship was one of competitive inhibition, the 
nicotinamide and DPN competing for the apoenzyme. The Michaelis 
constants for the nicotinamide-enzyme and DPN-enzyme complexes were 
determined, and the DPN was found to have 3100 times the affinity for 
the apoenzyme that the nicotinamide does. 


FEIGELSON, WILLIAMS, AND ELVEHJEM 369 


BIBLIOGRAPHY 


. Mann, P. J. G., and Quastel, J. H., Biochem. J., 35, 502 (1941). 

. Potter, V. R., J. Biol. Chem., 165, 311 (1946). 

. Handler, P., and Klein, J. R., J. Biol. Chem., 143, 49 (1942). 

. Axelrod, A. E., and Elvehjem, C. A., J. Biol. Chem., 140, 725 (1941). 

. Gutcho, S., and Stewart, E. D., Anal. Chem., 20, 1185 (1948). 

. Williams, J. N., Jr., Feigelson, P., and Elvehjem, C. A., J. Biol. Chem., 187, 


597 (1950). 


. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 

. Wilson, P. W., in Respiratory enzymes, Minneapolis, 23 (1949). 

. Straub, F. M., Biochem. J., 33, 789 (1939). 

. Quastel, H. J., and Wheatley, A. H. M., Biochem. J., 32, 936 (1938). 

. Dixon, M., and Zerfas, L. G., Biochem. J., 34, 371 (1940). 

. Green, D. E., in Respiratory enzymes, Minneapolis, 203 (1949). 

. Kornberg, A., and Pricer, W. E., Jr., J. Biol. Chem., 182, 763 (1950). 

. Ackermann, W. W., and Potter, V. R., Proc. Soc. Exp. Biol. and Med., 72, 1 


(1949). 


. Cori, C. G., Velick, 8. F., and Cori, G. T., in Nachmanson, D., Metabolism and 


function, New York, 160 (1950). 


. Huennekens, F. M., and Green, D. E., Arch. Biochem., 27, 418, 428 (1950). 


<3 2 
3 
e 4 
| 5 
6 
7 
s 9 
r 10 
s 1] 
12 
e 
13 
14 
n 
- 
e 
e 
i 
l- 
d 
yr 
d i 
is 
y 
is 
1e 
1- | 
It 
} 
1e 
is 
re 
or 
‘ 
XUM 


( 
8a 


THE SYNTHESIS OF RADIOACTIVE CHOLESTEROL 
AND FATTY ACIDS IN VITRO* 


By ROSCOE O. BRADY anp SAMUEL GURIN 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, September 28, 1950) 


It has been established that rat liver slices are able to convert acetate 
(1), acetone (2), pyruvate (3, 4), butyrate, hexanoate, and octanoate (4) 
to cholesterol and long chain fatty acids. Zabin and Bloch (5) and Price 
and Rittenberg (6) administered 1 ,3-C'*-acetone to rats and demonstrated 
that it is converted to fatty acids and cholesterol. The former investiga- 
tors (5) also reported that methyl-labeled isovalerate is a good source of 
carbon for the biosynthesis of cholesterol by the intact animal. In order 
to determine the ability of surviving liver tissue to utilize various sub- 
strates for these biosynthetic processes, and with the hope that some in- 
sight might thus be gained into the mechanisms involved, we have investi- 
gated the behavior of a number of labeled precursors. The following 
substances were incubated with liver slices and the relative degree of in- 
corporation of isotope into cholesterol and fatty acids was determined: 
carboxyl as well as methyl C'-acetate, carbonyl C'-acetone, methyl 
isovalerate, doubly labeled acetaldehyde and acetate, and preparations of 
acetoacetate labeled in the carboxyl-, carbonyl-, and methyl-methylene 
positions, respectively. In every experiment, the substance under investi- 
gation was compared with labeled acetate simultaneously incubated with 
slices obtained from the same liver tissue. 


EXPERIMENTAL 


Organic Syntheses—Carbonyl-C"-acetone and methyl C"-isovalerate 
were synthesized by Coon as previously described (7). Doubly labeled 
acetaldehyde was prepared from barium carbide via acetylene. A portion 
of this acetaldehyde was oxidized to doubly labeled acetate with silver 
oxide. Carbonyl C"-acetoacetate was synthesized by condensation of 
carboxyl C'4-methyl acetate and ethyl bromoacetate (8). Carboxyl C'#- 
acetoacetate was similarly made from carboxyl-labeled ethyl bromoacetate. 
Methyl-methylene C'-acetoacetate was prepared from methyl-labeled 
ethyl acetate by the Claisen condensation procedure. The acetoacetate 


* Aided by a grant from the American Cancer Society administered by the Com- 
mittee on Growth of the National Research Council. The radioactive compounds 
were obtained on allocation from the United States Atomic Energy Commission. 
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preparations, when possible, were freed of radioactive reagents by repeated 
additions of non-labeled carrier, followed by distillation. The residual 
ethyl acetoacetate was then fractionally distilled, saponified, and analyzed 
by the method of Edson (9). Carboxyl and methyl C'-sodium acetate 
were purchased from Tracerlab, Inc. 


Procedure 


Complete details of the experimental procedure have been reported else- 
where (4). Slices of liver tissue (2.5 gm.) were incubated with labeled 
substrate (final concentration 0.005 m), and 15 ml. of Krebs-Ringer bi- 
carbonate buffer in modified Warburg flasks (125 ml. capacity) at 38°. 
The gas phase was 95 per cent O2-5 per cent CO,. Following incubation 
for 3 hours, the liver slices were digested with alcoholic KOH, and the 
cholesterol and long chain fatty acids isolated in the usual manner (4). 
The non-saponifiable fraction (in ether) was always washed repeatedly 
with an aqueous solution of non-labeled substrate, and the cholesterol sub- 
sequently precipitated as the digitonide (the yield was usually 8 to 10 mg. 
per run). The purity of the cholesterol a samples was checked 
colorimetrically (10). 


Results 


Cholesterol—In addition to acetate and acetone, carbon atoms of ac- 
etaldehyde, isovalerate, and acetoacetate can be utilized by liver slices for 
the synthesis of cholesterol (Table I). Methyl C"-acetate, in confirma- 
tion of Little and Bloch’s results (11), was found to contribute 1.3 times 
as much isotope to cholesterol as did carboxyl-labeled acetate (Table I). 

When doubly labeled acetaldehyde was compared with similarly labeled 
acetate, the acetaldehyde contributed a significantly greater quantity of 
carbon for cholesterol synthesis than did acetate (Table 1). The addition 
of amorphous insulin appeared to increase slightly the amount of acetal- 
dehyde converted to cholesterol. 

The three differently labeled preparations of acetoacetate were utilized 
by liver slices for the synthesis of cholesterol (Table I). Carbonyl- as well 
as carboxyl-labeled acetoacetate was compared with carboxyl C"-acetate, 
while methyl-methylene C'-acetoacetate was compared with methyl-la- 
beled acetate in pooled slice experiments. Invariably, more acetate than 
acetoacetate was utilized. It is clear that acetoacetate is incorporated 
into cholesterol without preliminary cleavage into a 2-carbon fragment 
since it has been established previously (12) that singly labeled acetoace- 
tate is not randomized by liver slices. As a further test, radioactive ac- 
etoacetate was incubated with and without liver slices in the presence of 
carrier, non-labeled acetate. In both instances the recovered acetate was 
found to contain a trace (0.1 to 0.2 per cent) of the administered radio- 
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d TABLE | 
al Conversion of C'4-Labeled Acetate, Acetaldehyde, Acetone, Acetoacetate, and 
d Isovalerate to Cholesterol by Liver Slices ) 
Le | Radioactivity | Radioactivity recovered 
Experi- | | ae | in choles | Substrate 
No. | | Cp.m. Total C.p.m. (B) rated® 
per c.p.m per C |Per cent (A) 100 
e- | uM 
d 1 | C4H,COONa 3150 | 5,500; 323 | 7.4| 10.3 | 8.6 
i - CH,C'*OONa 2600 4,600 204 5.6 7.8 6.5 
2 C4H COONa 3150 5, 500 333 7.6 10.6 8.8 
- CH,C“OONa 2600 | 4,600 207 | 5.7; 8.0 | 6.6 
CH,C“OONa 5000 8,800 131 2.6 
~CH,;C*OCH.COONa 2600 6, 200 37 1.2 1.4 0.6 
). 4 | CH,C“OONa 5000 | 8,800; 208 | 5.6| 4.2 | 3.5 
ly CH,C“OCH,COONa 2600 | 12,400 83 | 1.8] 3.2 1.4 
b- 5 | C4H,C4“HO 6500 | 21,000 | 2260 | 14 35 26 
C4H 6500 21,000 1560 9.7 24 17 
6 ,C“HO 6500 21,000 1600 24 18 
; ) “ + insulin 6500 | 21,000; 1930 | 13 30 21 
6500 | 21,000 1190 8.5 18 13 
7  C©C4H,C“HO 6500 | 21,000} 2500 | 12 39 28 
| * + insulin 6500 | 21,000 | 2860 | 14 44 32 
c- C4H,C'*OONa 6500 21,000 1790 8 5 27 19 
or s CH,C'*O0ONa 5000 8, 800 196 2.5 4.0 2.9 
CH,C'OCH,; 6400 | 20,000 165 0.9 2.6 1.5 
» CH,C'*OCH,COONa 2600 | 6,200 56 | 1.0) 2.1 0.9 
es y C¥4H COONa 4800 8, 500 920 16 19 16 
580 1,260 57 7.5 9.9 4.2 
~(] 10 C¥4H SCOONa 4800 8, 500 890 17 18.6 15.6 
of C4H ,COC“H,COONa 580 1, 260 59 9.7 10.3 5.2 
ll C4H,COONa 4800 8,500 560 4.9 11.6 10.8 
580 | 1,260 56 | 3.6| 9.6 4.0 
(C4H,);CHCH,COONa | 4900 | 12,300' 147 | 1.1!) 3.0 | 1.1 
12 C%H,COONa 4800 , 8,500; 383 | 8.6, 8.0 6.7 
od | “ + 4800 8,500) 245 | 6.3) 6.1 5.1 
Il CH,COCH:COONa 
4900 12,300 136 2.0 2.8 1.0 
13. | CH,C“OONa 6000 | 10,500, 246 | 2.7) 3.9 3.1 
a- CH,COCH.C"“OONa 1550 | 3,360 37 1.3 2.4 1.0 
in 
od All the experiments designated by the same number were performed on aliquots 
of pooled liver slices. 
nt * Calculated for 10 mg. of cholesterol digitonide as follows: 
Total recovered radioactivity (c.p.m.) 10 
if C.p.m. per ym substrate weight cholesterol digitonide 
as} activity. This may be accounted for by a spontaneous cleavage of aceto- 
- acetate into a minute amount of acetate, or by the presence of a trace of 
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acetate as an impurity in the sample. In another experiment, the addi- 
tion of non-labeled acetoacetate in equimolar concentration to labeled ace- 
tate depressed the conversion of acetate to cholesterol by liver slices to 
approximately three-fourths of that of the control (Table I). Labeled 
acetoacetate is, moreover, not utilized by liver slices for the biosynthesis 
of long chain fatty acids. This is further supporting evidence that aceto- 
acetate is not cleaved by liver into 2-carbon fragments. 
Carbonyl-C"4-acetone, under in vitro conditions, is able to contribute 
carbon atoms for the synthesis of cholesterol, although not so readily as 
carboxyl C'4-acetate (Table I). When liver slices were incubated with the 
labeled acetone in the presence of non-radioactive acetate and acetoacetate, 
acetate containing a significant amount of C'4 was recovered (Table IT) 
as the silver salt and recrystallized to constant radioactivity. The aceto- 
acetate at the end of the incubation period was found to contain consider- 


TABLE II 


Conversion of Carbonyl C'4-Acetone to Long Chain Fatty Acids, Acetate, and 
Acetoacetate by Liver Slices 


Substrate Substance recovered 
Acetoacetate 
Carbonyl-labeled Long chain 
anetate | fatty acids Acetate | 
| carbon carbon 
C.p.m. per-mg. of C...... 18,600 53 198 99 83 
% recovered............. 10 7 5 


able C'* in both the carboxyl and carbonyl positions. These results leave 
no doubt that acetone is cleaved by liver to acetate. That a small amount 
of acetone may have been directly carboxylated to acetoacetate (7) is sug- 
gested by the presence of a slight excess of isotope in the carbonyl group 
over that of the carboxyl group of acetoacetate. 

Although methyl-labeled isovalerate also contributes carbon for the syn- 
thesis of cholesterol by liver slices, it was utilized less readily than was 
either methyl-labeled acetate or methyl-methylene-labeled acetoacetate 
(Table I). 

Fatty Acids—Acetaldehyde was invariably better utilized than acetate 
for the biosynthesis of long chain fatty acids (Table III). Amorphous 
insulin increased slightly the incorporation of acetaldehyde over the con- 
trol. The conversion of acetaldehyde to fatty acids, as in the case of 
acetate (13), is markedly diminished in liver slices from alloxanized rats. 

The conversion of carbon atoms of acetone to fatty acids is presumably 
accomplished by preliminary cleavage to a 2-carbon fragment (not identi- 
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cal with acetate). A comparison of the specific activities of the recovered 
acetate and fatty acids (Table II) shows clearly that the fatty acids were 
derived to a considerable degree from a 2-carbon fragment which is con- 
siderably more reactive metabolically than is acetate. The acetate de- 
rived from acetone may thus be considered to be a secondary product 
arising from a primary 2-carbon fragment. 

Methyl-labeled isovalerate was also utilized for the synthesis of long 
chain fatty acids by liver slices (Table III). 


TaBLeE III 
Conversion of C'4-Labeled Acetaldehyde and Acetate to Long Chain Fatty Acids 
Substrate Substrate 
Insulins| Radioactivity recovered 
~ Radioactivit per 100 mg. 
Formula oduinteten fatty ac 
c.p.m. c.p.m. per cent 

1 C4H,C'OONa 21,000 4400 21 38 
C4H,C“HO 21,000 6300 30 54 

2 C4H,C“OONa 21,000 oa 2700 12 42 
,C“HO 21,000 4100 20 55 

3 C#4H,C“OONa 21,000 = 3200 15 35 
C4H,C“HO 21,000 - 6000 29 67 

ses 21,000 + 8700 41 90 

4 C4H C¥OONa 14,000 4740 34 50 
C4H,C“HO 27 ,000 - 6400 24 73 

“ 27,000 + 8160 30 83 

5 C4H;C'OONa 14,000 3600 26 50 
C4H,C“HO 27,000 5100 19 70 

27 ,000 6100 23 85 


All the experiments designated by the same number were performed on aliquots 
of pooled liver slices. 
* 1 mg. of amorphous insulin was employed per flask as specified. 
t Calculated as follows: 


Total recovered radioactivity ‘(c.p.m.) 100 
C.p.m. per um substrate weight fatty acids in mg. 
DISCUSSION 


Without precise information on the amount of acetate converted to 
acetoacetate, it is difficult to calculate the molar ratios of acetate to aceto- 
acetate incorporated by liver slices into cholesterol. How much aceto- 
acetate may be utilized by the intact animal for the biosynthesis of choles- 
terol cannot be determined since there is abundant evidence that 
acetoacetate is degraded to 2-carbon fragments in extrahepatic tissues. 

The ability of surviving liver slices to incorporate more acetaldehyde 
into cholesterol and fatty acids than is the case with acetate suggests either 
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that acetaldehyde diffuses more rapidly into the liver cell, or, what is more 
likely, that it is more readily converted into a metabolically active 2-car- 
bon intermediate. 

Zabin and Bloch (5) recently reported that the isopropyl group of iso- 
valerate is more efficiently utilized than acetate for cholesterol synthesis 
by the intact animal. The different result obtained in this work illustrates 
how difficult it is to translate quantitative measurements obtained with 
tissue slices to the whole animal. Since Coon (7) has demonstrated that 
the isopropyl fragment derived from isovalerate is readily carboxylated 
by CO, in liver slices to form acetoacetate, it seems reasonable to assume 
that its ready conversion to cholesterol in the intact animal may proceed 
to a significant extent by way of acetoacetate. It is known that the iso- 
propyl moiety can, in addition, give rise to 2-carbon fragments (14, 5) 
which are undoubtedly incorporated into cholesterol. 

Finally, the authors wish to emphasize that a number of factors may 
influence the relative degrees of incorporation of the various precursors 
into cholesterol. Since all of the precursors employed have been shown 
to be metabolically active when incubated either with liver slices or with 
slices of other tissues, it is not likely that differences in permeability or 
diffusion rates were major complicating factors. It must be admitted, 
however, that this is a serious problem facing every investigator utilizing 
similar techniques. Since the concentrations of substrate employed were 
very low (0.005 m) and permitted good respiration and metabolic activity, 
it is unlikely that different toxicities could have materially influenced the 
results. These considerations, of course, apply equally well to comparable 
experiments carried out with the intact animal, in which the mode of ad- 
ministration, the rate of diffusion, permeability, toxicity, and complicating 
action of numerous organs and tissues make quantitative comparisons of 
different precursors very difficult. For these reasons, it is believed that 
the quantitative comparisons described in this report are useful and reflect, 
to a major degree, the ability of the liver cell to utilize these precursors 
for the biosynthesis of cholesterol as well as fatty acids. 


SUMMARY 


C-labeled acetoacetate is incorporated by rat liver slices into choles- 
terol without preliminary formation of 2-carbon fragments. Under in vitro 
conditions more acetate than acetoacetate is utilized for this biosynthesis. 

Labeled acetaldehyde is converted more readily by rat liver slices into 
cholesterol and long chain fatty acids than is acetate. 

It has been confirmed that methyl C'*-acetate contributes slightly more 
labeled carbon for the synthesis of cholesterol than does carbonyl C'*- 
acetate under in vitro conditions. 
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p Carbonyl-labeled acetone is transformed by liver slices to acetate, long 
‘ chain fatty acids, and cholesterol. Evidence is presented suggesting that 
acetone is degraded by liver to a metabolically active 2-carbon fragment 
ss which is not acetate but which may be secondarily converted to acetate. 
s Methyl C'‘-isovalerate is utilized by liver slices for the biosynthesis of 
s cholesterol. Possible mechanisms for this conversion are discussed. 
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MICROESTIMATION OF MAGNESIUM IN BODY FLUIDS 


By MICHAEL ORANGE anp HENRY C. RHEIN 


(From the Department of Pediatrics and the Pediatric Research Laboratory, 
The Jewish Hospital of Brooklyn, Brooklyn, New York) 


(Received for publication, September 29, 1950) 


The purpose of this study was to develop a simple and accurate method 
for the estimation of minute quantities of Mg in body fluids. In the 
case of children and smaller experimental animals, the 2 to 4 ml. of serum 
or 5 to 10 ml. of blood usually required for duplicate Mg determinations 
are prohibitive. The authors, therefore, sought a method whereby Mg 
could be accurately and easily estimated on 0.1 ml. of serum or blood 
per determination. 

The Titan yellow method as reported by Garner (1) and Heagy €) 
was found to be adaptable to this purpose. By reducing the final volume 
to one-half and by increasing the light absorption path in the colorimeter 
with the use of the 50 mm. horizontal cuvette (3), the sensitivity of the 
system can be increased 10-fold. 

The Titan yellow method for estimating Mg in serum, etc., is rapid, 
easy, and accurate. Serum proteins are precipitated with trichloroacetic 
acid. Titan yellow is added to the filtrate and upon addition of NaOH 
a red magnesium hydroxide-Titan yellow lake is formed which can be 
measured colorimetrically. 

Reagents— 

1. Trichloroacetic acid, 10 per cent. 

2. NaOH, 7.5 per cent. 

3. Polyvinyl alcohol (PVA), 0.1 per cent, prepared by dissolving 1 gm. 
of PVA (du Pont’s low viscosity type) in 1000 ml. of distilled water with 
gentle heating and stirring; or, instead of polyvinyl alcohol, gum ghatti 
solution (GG), 0.1 per cent, prepared by grinding 1 gm. of gum ghatti 
to a powder, adding it to 1000 ml. of distilled water, and letting it stand 
for 24 hours and then filtering. A few drops of chloroform are added 
as a preservative. 

4. Titan yellow solution, 7.5 mg. per cent, prepared by dissolving 75 
mg. of Titan yellow in 1000 ml. of distilled water. The solution is kept 
in a cool dark place and prepared freshly every 2 weeks. 

5. Magnesium standard. Stock standard, prepared by dissolving 
10.0935 gm. of MgNH,PO,-6H,0 in 1000 ml. of 0.1 nN HCl. 1 ml. = 1 mg. 
of Mg. Working standards, the stock standard diluted to contain 1 to 
5 mg. per cent of Mg. 

379 


4 


380 MICROESTIMATION OF MAGNESIUM 


Procedure for Serum or Plasma—To 0.1 ml. of serum or plasma in a 
3 to 4 ml. test-tube rapidly add 1.1 ml.' of 10 per cent trichloroacetic 
acid. Centrifuge at 2500 to 3000 r.p.m. for 10 minutes. Pour off the 
clear supernatant liquid into a similar small test-tube. Pipette a 1 ml. 
aliquot into a 5 ml. volumetric tube or flask. Successively add 1 ml. of 
either PVA or GG, and 1 ml. of Titan yellow. Make up to the 5 ml. 
mark with 7.5 per cent NaOH and mix thoroughly. Read in spectro- 
photometer at 560 my» when using PVA and at 540 my when using GG. 
In either system, the color develops immediately and is stable for at 
least 3 hours at room temperature. 

Prepare both blank and standards in the same manner, substituting 
0.1 ml. of water or working standards for the serum. 

Procedure for Whole Blood—Wash 0.1 ml. of finger-tip blood into 0.5 ml. 
of water by means of a wash-out pipette. Shake gently until there is 
complete hemolysis. Then rapidly add 1 ml. of 10 per cent trichloro- 
acetic acid and centrifuge. Use 1 ml. of the clear filtrate and proceed 
as described for serum. Prepare blank and standards by substituting 
water and working standards for blood. 

Procedure for Red Blood Cells—Centrifuge oxalated blood at about 3500 
to 4000 r.p.m. for 30 minutes. Wash 0.1 ml. of packed red blood cells 
into 0.5 ml. of water by means of a wash-out pipette. Proceed as with 
whole blood. 

Procedure for Urine—To 0.1 ml. of urine in a 5 ml. volumetric flask or 
tube, add 1 ml. of either PVA or GG and | ml. of Titan yellow. Dilute 
to the 5 ml. mark with 7.5 per cent NaOH, shake, and read. Prepare 
blank and standards by substituting water and working standards for 
urine. Since the concentration of Mg in urine varies widely, the quantity 
used for analysis must be adjusted to contain approximately 1 to 5 mg. 
of Mg per 100 ml. of urine. If deproteinization is necessary, treat as 
for serum. 


DISCUSSION 


Standard Curve—0.1 ml. of standard solutions containing 1, 2, 3, 4, and 
5 y of Mg respectively were treated as described for urine. Measure- 
ments were made with the Coleman spectrophotometer by use of Filter 
PC-4 and cuvettes 50 mm. long, as suggested by Sobel and Snow (3). 
The wave-length was set at 560 my for PVA and at 540 mu for GG. The 
results (Fig. 1) show that Beer’s law holds precisely over the range of 
0 to 5 y per determination (equivalent to 0 to 5 mg. per cent). 

When the standards are treated as described for serum, since only 


1 A mark was scratched on the stem of a 1.0 ml. volumetric pipette sufficiently 
above the 1.0 calibration line so that the total volume delivered was 1.1 ml. This 
volume was carefully calibrated. 
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0.083 ml. of standard is in the final tube (10/12 of 0.1 ml.), the optical 
density readings are proportionately lower, but still follow Beer’s law. 

Dispersing Agent—In the authors’ experience, both PVA and GG are 
satisfactory to stabilize the Mg-dye lake. They agree with Heagy (2), 
however, that PVA is a more suitable substance to work with. It is a 
pure chemical, easily dissolved, and also accentuates the color of the 
lake. This increases the sensitivity of the method by about 15 per cent 
(Fig. 1). 


250 - 
O 200- 
> 
= 
150 - 
0. 
oO 
50- Xeusing PVA 
@susing GG 
0) ! 2 3 4 5 
44g. Magnesium 


Fig. 1. Calibration curve, obtained with 5 ml. of reaction mixture which con- 
tained 0 to 5 y of Mg (0.1 ml. of 0 to 5 mg. per cent of Mg standard solution), read 
at 560 mu with PVA and at 540 mu with GG. 50 mm. horizontal cuvettes were used 
in the Coleman spectrophotometer. — 


Precision of Method for Serum—On twelve analyses of the same serum 
on the same day, the maximum deviation from the mean was 0.15 mg. 
per cent (6.8 per cent) and the average deviation 0.04 mg. per cent (1.8 
per cent). On thirty-five analyses of the same serum on 5 different days, 
the maximum deviation from the mean was 0.21 mg. per cent (9.1 per 
cent) and the average deviation 0.10 mg. per cent (4.1 per cent). Deter- 
minations on any one day never varied by more than 0.2 mg. per cent 
and usually by no more than 0.1 mg. per cent. Therefore, it can be 
assumed that, on duplicate determinations, the absolute error will usually 
be less than 0.1 mg. per cent ( <5 per cent), which is clinically satisfactory. 
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Comparison with Macromethod—Since the proportion of reagents used 
in the present micromethod differs somewhat from that in the macro- 
method (2), six samples of serum were analyzed by both procedures. 
The results (Table I) were found to be almost identical. 

Recovery of Added Mg—To test the validity of the method further, 
specimens of serum, whole blood, red blood cells, and urine were mixed 
with equal volumes of 0, 1, 3, and 5 mg. per cent of Mg standards respec- 
tively. 0.1 ml. portions were then analyzed. 

The results are given in Table II. For serum, the average recovery 
was 100.88 + 2.09 per cent; for whole blood 99.91 + 2.74 per cent; for 
red blood cells 100.47 + 2.33 per cent; and for urine 99.82 + 1.77 per 
cent. ‘This shows that recovery is complete. 

Substances Tested for Interference—Calcium, even at concentrations of 
60 mg. per cent, does not affect the Mg determination (Table ITI). 


TABLE I 
Comparison of Mg Determination in Serum by Micro- and Macromethods 
The results are expressed in mg. per cent. 


Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample S | Sample 6 


Micromethod........... 2.3 2.5 2.5 2.5 2.4 
Macromethod........... 2.4 2.6 2.5 2.4 2.4 2.5 


Potassium oxalate, even in large excess of amounts usually used to 
prevent coagulation of blood, does not interfere with the Mg analysis 
(Table III). 

Sodium citrate, even in large excess, does not interfere, provided poly- 
vinyl alcohol is used as the dispersing agent. Gum ghatti, however, 
cannot be used since it apparently is affected by citrate, causing a slight 
turbidity (Table ITI). 

The presence of iron in the solution to be analyzed for Mg (as in solu- 
tions of ashed red blood cells) does interfere. Since the final pH of the 
material read in the spectrophotometer is very high, ferric hydroxide 
precipitates, which interferes with the Mg determination (Table IV). 
The authors found, however, that iron can be effectively removed with 
cupferron,? leaving a clear and practically iron-free solution which can 


readily be analyzed for Mg (Table IV). 


2 To 2 ml. of solution containing 5 y of Mg and up to 100 y of Fe*** in a test-tube, 
1 ml. of 0.05 per cent cupferron solution was added, the tube shaken vigorously, and 
the cupferron-iron complex extracted twice with ether. A 2 ml. aliquot of the 
now water-clear solution was then analyzed for Mg in the usual manner, except for 
the substitution of 15 per cent NaOH for 7.5 per cent NaOH. The blank and stand- 
ards were treated similarly. 
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TaBLeE II 
Recovery of Added Mg 
M Total M T 
Serum Red blood cells 
mt. | | Percent | | | Per cent 
1.05 | 0.50 1.55 1.55 | 100.0 | 2.70 | 0.50 3.20 3.10 96.9 
1.15 | 0.50 1.65 1.65 | 100.0 | 3.35 | 0.50 3.85 3.95 | 102.6 
0.85 | 0.50 1.35 1.45 | 107.4 | 3.55 | 0.50 4.05 4.00 98.8 
1.10 | 0.50 1.60 1.55 96.9 | 3.15 | 1.50 4.65 4.65 | 100.0 
0.95 | 0.50 1.45 1.45 | 100.0 | 2.70 | 1.50 4.20 4.35 | 103.6 
1.00 | 0.50 1.50 1.50 | 100.0 | 3.35 | 1.50 4.85 5.00 | 103.1 
1.05 | 1.50 2.55 2.60 | 102.0 | 3.55 | 1.50 5.05 4.90 97.0 
1.15 | 1.50 2.65 2.75 | 103.8 | 3.15 | 2.50 5.65 5.50 97.3 
0.85 | 1.50 2.35 2.35 | 100.0 | 2.70 | 2.50 5.20 5.20 | 100.0 
0.95 | 1.50 2.45 2.40 98.0 | 3.35 | 2.50 5.85 6.00 | 102.6 
1.00 | 1.50 2.50 2.55 | 102.0 | 3.55 | 2.50 6.05 6.25 | 103.3 
1.05 | 2.50 3.55 3.65 | 102.8 
1.15 | 2.50 3.65 3.60 98 .6 | 
Average recovery............. 100.88 100.47 
+2.09 +2.33 
Whole blood Urine 
2.55 | 0.50 3.05 3.05 | 100.0 | 2.10 | 0.50 2.60 2.60 | 100.0 
2.50 | 0.50 3.00 3.20 | 106.7 | 2.65 | 0.50 3.15 3.10 98 .4 
2.65 | 0.50 3.15 3.00 95.2 | 2.00 | 0.50 2.50 2.60 | 104.0 
2.55 | 1.50 4.05 3.95 97.5 | 1.75 | 0.50 2.25 2.35 | 104.4 
2.50 | 1.50 4.00 4.10 | 102.5 | 2.10 | 1.50 3.60 3.60 | 100.0 
2.60 | 1.50 4.10 4.00 97.6 | 2.65 | 1.50 4.15 4.05 97 .6 
2.65 | 1.50 4.15 4.25 | 102.4 | 2.00 | 1.50 3.50 3.50 | 100.0 
2.55 | 2.50 5.05 5.20 | 103.0 | 1.75 | 1.50 3.25 3.15 96.9 
2.50 | 2.50 5.00 5.00 | 100.0 | 2.10 | 2.50 4.60 4.60 | 100.0 
2.60 | 2.50 5.10 5.00 98.0 | 2.65 | 2.50 5.15 5.20 | 101.0 
2.65 | 2.50 5.15 4.95 96.1 | 2.00 | 2.50 4.50 4.35 96 .7 
1.75 | 2.50 4.25 4.20 98.8 
Average recovery .............| 99.91 99.82 
+2.74 +1.77 


* These figures are one-half the true Mg values, since the material was diluted 
1:1. 


Comparison of Deproteinized and Ashed* Samples—About 20 per cent 
of Mg in serum is protein-bound (4, 5). When trichloroacetic acid is 
3 Samples of serum (0.5 ml.) or 5 ml. of 1:10 dilutions of whole blood or of red 


blood cells were pipetted into 30 ml. Pyrex tubes in a wire rack which was placed 
overnight in a 110° oven. 1 ml. of 2:5 sulfuric-perchloric acid digestion mixture 
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used for precipitation of the proteins, all the Mg is separated from the 
proteins and is found in the filtrate (Table V). Furthermore, the authors 
were able to show that Mg values obtained on deproteinized whole blood 
and red blood cells are representative of the total Mg content of the 
samples (Table V). 

Remarks—The authors prefer not to use a calibration constant for the 


spectrophotometer. Instead, Mg standards of 1 and 3 mg. per cent are 
run with every series of unknowns. The standard graph is then drawn 
TaB_e III 
Effect of Various Substances on Mg Determination in Serum 
Mg Mg Mg 
Cat added* K oxalate 
PVA GG PVA GG PVA GG 
| | geremt | Gilad. | portent | | ‘ims. | percent | porcom 
0 2.5 2.4 0 2.5 2.4 0 2.0 2.0 
20 2.5 2.3 0.1 2.4 2.4 0.5 2.0 1.3 
50 2.5 2.3 1.0 2.5 2.4 5.0 2.1 0.8 


* Since serum contains 10 mg. per cent of Catt, the total calcium in the sample 
analyzed is greater by 10 mg. per cent or 10 y per 0.1 ml. 


TaBLe 
Effectiveness of Cupferron in Removing Iron 
Mg 
Fe*** added 
Without cupferron extraction With cupferron extraction 

y per 0.1 mi. mg. per cent mg. per cent 

0 5.0 5.0 

20 2.3 4.8 

50 | 1.7 5.0 

100 | 2.2 4.9 


and the unknowns read from it. In their experience, the standard curve 
varied enough from day to day to make the running of standards ad- 
visable, though not mandatory. 


was then added. The tubes in the rack, with funnels placed in their mouths, were 
now maintained in a steeply inclined position on a hot-plate adjusted to keep the 
temperature of the reaction mixtures at about 180°. Although ashing was practi- 
cally complete in 3 hours, heating was continued for 2 hours more at about 300°. 
The residues were diluted to 10 ml. and 2 ml. aliquots analyzed in the usual manner 
except for substituting 15 per cent NaOH for 7.5 per cent NaOH. The blank and 
standards were treated similarly. 
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In analyzing urines, the yellow color due to urine itself is negligible 
at 1:50 dilution (0.1 ml. of urine diluted to the 5 ml. mark). When 
1:50 dilutions of urine were compared in the spectrophotometer with 


TABLE V 
Comparison of Mg Estimations on Deproteinized and Ashed Samples 
The results are expressed in mg. per cent. 


Serum sample No. 


| 
Deproteinized......... 2.0 | 2.0 2.6 |2.3 | 2.2 | 1.8 | 2.2 | 2.0 | 2.0 
Ashed.................) 2.1 ]1.8 [2.5 |2.5 [2.2 |1.9 | 2.1 

Whole blood sample No. Red blood cells sample No. 
— 
TABLE VI 
Normal Values,* Expressed As Mg. Per Cent of Magnesium 

persons | Average | (ait eases) 
Serum Infants, below 1 wk. 12 1.98 1.6— 2.3 
Children, 1-10 vrs. 2.16 1.9- 2.4 
Adults «45 | 2.27 1.9- 2.5 
Whole blood +4 | 7 4.24 3.7- 4.7 
Red blood cells - | §& | 6.38 5.9- 6.8 
Urine _ Wide variation depending on intake of } 0.7-10.9 


and fluids 


* Infants were selected at random from the new-born service, older children 
from the pediatric clinic and ward, and adults from the hospital’s blood donor 
service. 


distilled water, the reading was found to be persistently less than the 
equivalent of 0.08 y of Mg, which is clinically not significant. 
Normal values are presented in Table VI. 


SUMMARY 


A modification of the Titan yellow method is presented for the ac- 
curate estimation of magnesium on 0.1 ml. of serum. 


Methods for estimating magnesium in similarly small quantities of 
whole blood, red blood cells, and urine are described. 


‘mon 
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Non-interference of calcium, oxalate, and citrate, and a method of 
eliminating interference of iron are demonstrated. 

A table of normal values for human serum, whole blood, and red blood 
cells is included. 
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The great avidity of the mammalian skeletal system for heavy metal 
ions has been recognized for several decades. ‘The notorious tendencies of 
lead and radium to accumulate in bone are familiar examples. In recent 
years, interest in the elements which are products of nuclear fission, as 
well as in the trans-uranium elements, has initiated many studies of the 
metabolic fate of such elements after entry into the body. It was soon 
noted that a large proportion of the metallic elements so studied are “bone 
seekers.” 

Radioautographic studies on bone sections bearing radioactive metals 
have proved quite successful in demonstrating the sites of deposition of 
these materials on a microscopic scale. For instance, Sr*® has been shown 
to be distributed throughout the femoral cortex as well as in the epiphyseal 
regions. Y°°, on the other hand, is stated to be concentrated primarily in 
organic matrix (1). 

On the submicroscopic, that is the atomic scale, only meager direct 
evidence was available concerning the form in which metals accumulate in 
bone. It had been stated that studies zn vitro on the uptake by powdered 
bone of Sr®? from solutions indicated that surface adsorption alone could 
account for the observed uptake in vivo (2). Tonic exchange had also been 
postulated as the major mechanism of cation deposition (3). In the hope 
of unearthing further direct evidence applicable to this problem, it was 
decided to apply the techniques of x-ray diffraction to bones heavily laden 
with foreign cations. Non-radioactive strontium and lead are the two 
elements to be reported upon at this time. 

As the work progressed, it appeared likely that the inorganic material 
was a solid solution of the foreign element in crystals of the bone salt. 
The basic evidence for such a state of solid solution must come from 
precise determination of alterations in the dimensions of the crystallo- 
graphic unit cell of the matrix substance, the “solvent.’”’ The entry of 


* This paper is based on work performed under contract No. AT-04-1-gen-12 be- 
tween the Atomic Energy Commission and the University of California at Los An- 
geles. 
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foreign atoms into a lattice, either by substitution for ions already present 
or by the assumption of interstitial positions, will distort the parallelism 
of all the atomic planes to some degree. However, the closer together 
the members of a set of parallel planes are normally, the more obvious 
will be a distortion of a given magnitude. ‘Thus, the smaller the inter- 
planar spacings, the greater becomes the sensitivity of determinations of 
displacements of the diffraction interferences. For this reason, recourse 
was had to so called ‘“‘back reflection’? methods, which deal with diffrac- 
tion patterns from crystal planes which are spaced more closely than those 
used for mere crystal identification. 

The exact nature of the inorganic portion of normal bone is still a mat- 
ter of contention. For discussion of the present status reference may be 
made to recent reviews (4, 5). It is certain, however, that the inorganic 
matter of bone possesses a crystalline structure which produces an x-ray 
diffraction pattern which differs only in minor degree from those of mem- 
bers of the apatite series of minerals. Furthermore, it is established that 
the apatite type lattice can accommodate moderate alterations in chemical 
composition without severe disruption. In fact, it seems likely that for 
bone salt, or any apatite for that matter, no single formula containing the 
atomic species in integer ratios can be written. The true situation is 
probably that of a crystal lattice which is common to a series of solid 
solutions. 


Materials and Methods 


Strontium-Laden Bone Spectmens—Each member of a series of 15 wean- 
ling albino rats received an intraperitoneal injection of 500 mg. of Sr ++ 
per kilo of body weight every 48 hours, administered as an aqueous solu- 
tion of SrCl, containing 80 mg. of Sr++ per ml. Eleven mature rats, 8-12 
months old, were treated similarly. Individuals were sacrificed at various 
intervals; the femurs and vertebrae were removed, scraped free of mar- 
row, and ashed at 600° for 15 hours. The residue was then ground to 
pass a 270 mesh sieve. 

Lead-Laden Bone Specitmens—Each of a group of twenty-five weanling 
rats received an intraperitoneal injection of 20 mg. of Pb** per kilo of 
body weight every 48 hours, administered as an aqueous solution of lead 
acetate containing 5 mg. of Pb+* per ml. At death or sacrifice, the femurs 
and vertebrae were removed and prepared in the manner described above. 
In several cases a hard white deposit was noticed on the inner surface of 
the peritoneum near the area of injection. These pathological deposits 
were excised, ignited, and likewise ground to 270 mesh. 

Spectrographic Determination of Ca and Sr—The appropriate Sr bone 
samples as well as a large number of specimens from untreated control 
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animals were analyzed for Ca and Sr content by an emission spectro- 
graphic method. Details of the technique have been reported previously 
(6). 

Polarographic Determination of Pb—The Pb content of the appropriate 
specimens was determined by dissolving a weighed amount of the pow- 
dered material (10 to 60 mg.) in 0.2 ml. of concentrated HCl, diluting 
with 3 ml. of water, and adding 3 Nn KOH to pH 5.0. The volume was 
then made up to 15.00 ml. with 1 mM aqueous KCl, which served as the 
supporting electrolyte. 0.2 ml. of 0.1 per cent gelatin was then added as 
a maximum suppressor. The polarogram was recorded on a Sargent 
model XXI polarograph between —0.3 and —0.7 volts, with a dropping 
mercury electrode versus a saturated calomel electrode. The temperature 
was maintained at 25° + 0.2°. A well defined cathodic wave for Pb+t+ — 
Pb was obtained at —0.44 volt. The concentration of Pb** correspond- 
ing to a given wave height at this half wave potential was then obtained 
by comparison with a calibration curve prepared from a series of solutions 
containing known amounts of PbCl.. Under these conditions, Pb*+* at a 
concentration as low as 1 y per ml. was detected. The error at this level 
was +10 per cent. At concentrations of 10 to 100 y per ml., the error 
was around +2 per cent. 

Density Determination by Flotation—The density of several of the pow- 
dered samples was determined by suspending 5 to 10 mg. in a solution of 
Hgl, in saturated KI and adding water until no vertical displacement of 
the particles occurred upon centrifugation. The specific gravity of the 
clear fluid was then measured with a pycnometer. 

z-Ray Diffraction with Debye Powder Camera—To obtain the x-ray 
diffraction patterns of a specimen, 5 to 10 mg. were mixed with a small 
amount of collodion as a binder and rolled between two microscope slides 
until a rod about 0.5 mm. in diameter resulted. After drying for 4 hour, 
the rod was mounted in a 114.59 mm. diameter Debye type camera and 
exposed to Ni-filtered Cu radiation for 15 to 18 hours. The Kodak 
‘no screen” film was developed according to standard procedures. Rela- 
tive intensities were determined with the aid of a photoelectric micro 
densitometer. 

z-Ray Diffraction with Symmetrical Back-Reflection Focusing Camera— 
Lucite specimen holders of the proper curvature were made with the aid 
of a specially constructed mold. With these holders it was possible to 
obtain patterns in the back reflection region with 10 to 15 mg. of powder 
without the use of any binder. The diameter of the camera was 120.00 
mm. 

Assignment of Crystal Plane Indices to Diffraction Lines—The crystals 
which make up almost all of the inorganic material in bone belong to the 


; 
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hexagonal system. Furthermore, the apatite series of minerals produces 
diffraction patterns closely approximating that of bone salt. Bale (7) has 
determined the dimensions of the unit cell of bone salt and of hydroxy 
apatite to be a = 9.48 A and co = 6.88 A. However, in order to assign 
Miller indices to the great number of lines obtained, which had not previ- 
ously beén reported, it was thought advisable for the present work to 
prepare a list of all the possible interplanar spacings of a hexagonal crys- 
tal, space group Cé,, whose unit cell had the above dimensions. The 
basic equation for a crystal of the hexagonal system is 


3a? 


where d = the interplanar spacing for a family of planes of Miller index 
h, k, and l, and a and c = lattice constants, 7.e. unit cell dimensions. The 
numerical -values of the interplanar spacings for all possible permutations 
of h, k, and l, where h, k, and l can be any integer from 0 to 9, were ob- 
tained by the use of an International Business Machines punched card 
computer and sorter. This list greatly facilitated the tentative identifi- 
cation of the diffraction lines, particularly in the back reflection region. 
Unequivocal identification was then possible for twenty of the twenty-five 
back reflection lines, six of which were used in the determination of the 
lattice constants. 

Precise Determination of Lattice Constants—It has been shown by several 
workers (8, 9) that the magnitude of the errors in the precise and accurate 
determination of crystal lattice parameters is a function of the angle of 
the diffracted beam used for such measurements. Systematic errors, 
such as in inaccurate alignment of the specimen, self-absorption of the 
specimen, and inaccurate knowledge of the camera radius, all tend to 
approach zero as the Bragg diffraction angle @ approaches 90°. For the 
symmetrical focusing type back reflection camera, Cohen (10) has devised 
an analytical method of extrapolation to remove the systematic errors, 
and the purely random errors of measurement of diffraction ring diameters 
then become amenable to treatment by the method of least squares. 

By such treatment of the diffraction data for lines in the back reflection 
area (9 > 45°) the unit cell dimensions for any given specimen were de- 
terminable with a precision of +0.01 per cent. 


Results 


Debye Powder Patterns—In the front reflection region (6 < 45°) it was 
possible to measure 53 distinct lines on samples of normal rat femur ash. 
Exactly the same pattern was obtained with samples of normal human 
femur ash. However, as other workers have likewise found (7, 11, 12), 
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unequivocal indexing was possible for only thirty of these reflections. As 
the interplanar spacings decrease, the differences between the d values for 
possible planes become of the same order of magnitude as the imprecision 
of the measurements, thus making a valid choice impossible. The lines 
which could be positively identified agreed well with the listings of Bale 
(7) and Gruner eé al. (11) both as to interplanar spacing and relative 
intensity. Our data on these lines will therefore be omitted. 

All bone specimens containing Sr exhibited patterns in which all lines 
in the front reflection region conformed to the normal pattern. Shifts of 
position or relative intensity were undetectable. However, it was noticed 
that in specimens heavily laden with Sr no lines appeared in the back 
reflection region, even though those in the front region (large interplanar 
spacings) were sharp and well defined. Thus, only one solid crystalline 
phase was present, even when the Sr content was as high as 8 per cent 
(in a mouse femur from a previous series of Sr absorption studies). It is 
pertinent to report that, when tertiary strontium phosphate was mixed 
with normal bone ash so that the Sr content was 7 per cent, the presence 
of the second solid phase was readily discerned by the appearance of two 
new lines superimposed on the hydroxyapatite pattern. 

As for lead-bearing specimens of rat femur, again only one crystalline 
phase was evident from the patterns obtained with the Debye camera, 
although the Pb content was as high as 0.2 per cent on a weight basis. 
In a synthetic mixture of normal bone ash and added tertiary lead phos- 
phate, it was possible to detect the presence of the lead crystals when 
the amount of Pb+*+ was 2 per cent or more. 7 

Mention has been made of the abnormal “calculi”? which appeared on 
the peritoneal surfaces of seven of the animals. One might presume this 
material to be an insoluble lead salt precipitated at the site of injection. 
Surprisingly, however, these samples contained 30 to 34 per cent calcium 
and 1.5 to 8.7 per cent lead. Diffraction patterns with the Debye camera 
were indistinguishable (in the front reflection region) from that of normal 
bone ash. Histological sections of these materials are being prepared for 
staining and a search for osteoblasts will be made. The Pb plays a 
definite rédle in this calculus formation, for it has not occurred in rats 
receiving intraperitoneal injections of saline or SrCl, repeated regularly 
for even longer periods. Speculations on the physiological significance of 
this ectopic calcification will be reserved for a later report. 

Symmetrical Back Reflection Patterns—Table I presents the observed 
interplanar spacings responsible for the diffraction lines in a back re- 
flection pattern from normal bone ash. After consulting the International 
Business Machines list mentioned above, the six most intense lines were 
tentatively assigned the indicated indices. Using these values and apply- 
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ing Cohen’s method gave values for the lattice constants of a9 = 9.470 
and co = 6.881. By substituting these lattice parameters in the basic 
equation relating interplanar distance to Miller indices, it was then pos- 
sible to calculate the interplanar spacings for all the other lines. Since 
these values were compatible with the values observed experimentally, 
the tentative indexing was established as the correct one. However, 
unambiguous indexing was impossible for certain reflections indicated in 
Table I. The wave-length of Cu-K., was taken as 1.5405 A, rather than 


TaBLeE I 
Identification of Back Reflection Lines from Normal Rat Femur Ash 


d observed d calculated Miller index d observed d calculated Miller index 
A A A A 
0.7745* 0.7744 456 0.8205 0.8195 076 
0.7761 0.7749 480 0.8204 356 
0.7773 0.7766 465 038 
0.7846 0.7840 661 0.8240* 0.8237 446 
0.7856 0.7855 570 0.8297* 0.8296 554 
0.7867 0.7867 es 0.8324 0.8327 380 
0.7869 257 0.8438 0.8452 166 
0.7886 0.7886 176 0.8467 0.8463 os 
0.7931* 0.7931 048 0.8469 093 
0.7984 0.7980 067 0.8492 0.8504 470 
0.8014 0.8026 291 0.8529 0.8526 175 
0.8055* 0.8052 094 0.8559 0.8554 = 
0.8099 0.8093 0.8560 373 
0.8100 275 0.8628 0.8634 256 
0.8168 0.8131 374 0.8781 0.8785 066 
0.8180* 0.8176 157 


* Most intense lines. 
t The braces enclose ambiguous reflections. 


the Siegbahn value of 1.5374 A. The lines due to the a2 wave-length of 
the K doublet were resolved and identified, but are omitted from this 
tabulation for the sake of brevity. The standard deviation in the de- 
termination of d values was +0.0001 A. It may be mentioned that the 
lower order reflections for those planes in which the order was greater 
than 1 (e.g. —048) could be found among the lines appearing on the Debye 
camera photographs. 

Table II presents the unit cell dimensions of the inorganic crystallites 
in normal bone ash from several sources. Of particular note is the con- 
stancy of the unit cell dimensions. The standard deviation for these and 
all following unit cell values was +0.001 A. 


$ 
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Table III presents the data on Sr-bearing rat femur ash. As in the 
case of the Debye camera patterns, no anomalous lines appeared as a 


TaBLeE II 
Unit Cell Dimensions from Back Reflection Lines; Normat Bone Ash 
Sample Age ao a 
A A 
| 55“ 9.472 6.882 
Hydroxyapatite (Ward’s)................ | | 9.467 6.879 
TaBLeE III 
Unit Cell Dimensions from Back Reflection Lines; Sr-Bearing Rat Femur Ash 
Ca Sr do co Ca Sr ae ce 
per cent per cent A A per cent per cent 
35.0 0.23 9.471 6.881 34.0 2.4 Lines blu 
38.0 0.25 9.470 6.881 30.0 2.6 
38.5 0.28 9.472 6.878 33.5 2.6 
38.0 0.38 9.468 6.882 28.5 2.9 si o 
38.5 0.45 9.471 6.879 34.0 3.0 oe a 
26.5 | 1.5 Lines blurred 37.0 3.0 a ae 
34.0 | 1.7 | 33.0 3.6 
26.5 | 2.4 | 29.5 | 4.8 


consequence of the presence of Sr in the material. It was impossible to 
determine lattice constants in those instances in which the Sr content was 
considerable, because of the broadness and low intensity of the lines. It 
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must be emphasized, however, that the front reflection lines, obtained 
from these same samples with the Debye camera, were sharp and fitted 
the hydroxyapatite pattern. 

Table 1V presents the data of Pb-bearing ashed tissues of rats injected 
with lead acetate. By reason of the greater toxicity it was impossible 
to attain as high a level in the bones as was reached with Sr. Once again, 
the presence of considerable amounts of lead, particularly in the peri- 
toneal samples, altered neither the number nor the sequence of the lines 


TABLE IV 
Unit Cell Dimensions from Back Reflection Lines; Pb-Bearing Ash from Rat 
Sample Ca | Pb | 
per cent per cent A A 
29.5 1.68 9.481 6.862 
31.0 1.75 9.485 6.862 


Lines blurred 


of the normal hydroxyapatite pattern. However, the positions of some 
of the lines were shifted markedly, and all lines were broadened. 

Fig. 1 illustrates the changes in interplanar distances for nine of these 
specimens. The base-lines represent the mean interplanar spacings ob- 
tained from the femur ash of nine normal rats. (Individual deviations 
from this mean were less than +0.0003 A for normal samples.) As a 
result of these distortions of the normal spacings, the unit cell dimensions 
were also altered somewhat, as may be seen in Table IV. The fact that 
three of the line positions were shifted much more than their neighbors 
might indicate that there are preferred sites for the location of Pb** ions 
in the lattice. 

Density Computations—It became evident that some, if not all, of the 
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foreign ions were taking up positions within the lattice, probably as com- 
ponents of a solid solution. In the hope of ascertaining whether the solid 
solution was of the interstitial or of the substitutional type, density de- 
terminations were undertaken. Unfortunately, it was found that the 
variation in density of bone ash from one normal individual to another 
was greater than the difference between the theoretical densities of a 
substitutional solid solution and an interstitial solid solution at a given 
Sr content. The conclusion was reached that density studies held little 


10.8295 A) 


(0.8241 A ) 


5 
5 


157 
(0.8160 A) 


(0.7931 A) 


0.16) 
O.17?P 
1.53p 
1.68P 
1.75p 


%Pp IN SPECIMENS 


Fic. 1. Expansion of interplanar spacings of lead-bearing specimens. The ver- 
tical unit at the left represents 0.0010 A. The normal interplanar distances and 
Miller indices are given at the right. 


promise of revealing the disposition of the foreign ions in the bone salt 
lattice. 


DISCUSSION 


One can conceive of four different sites in which cations deposited in 
living bone could ultimately take residence. First, the cations could be 
chemically bound to one or more of the organic components of the bone. 
Secondly, they could be deposited as discrete crystals of an insoluble 
compound in close association both with the organic material and with 
the inorganic crystallites, and yet maintain their identity. A third pos- 
sibility would be the ‘‘physical”’ adsorption of the ions on the crystallite 
surfaces. Finally, the cations might assume positions actually within the 
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crystalline structure of the inorganic salt, either by displacing other 
cations (ionic exchange) or by occupying lattice interstices. 

Let us consider what effect each mode of deposition would have on the 
diffraction pattern of the bone after ignition. 

1. Organic molecules containing bound cations would, upon ashing, 
leave behind an inorganic solid such as the metal oxide, carbonate, sulfate, 
or phosphate. If this material were crystalline, then its diffraction pat- 
tern would be superimposed on that of the apatite. If the material were 
amorphous or had a crystal size less than 10~-* cm., it would escape de- 
tection, but in either event no distortion of the apatite pattern would 
result. The possibility of chemical reaction of such a solid phase with 
the bone salt to produce an “‘impure”’ apatite, which has been demon- 
strated with bones abnormally high in phosphate (13), may be ruled out. 
Ignition at 600° of intimate mixtures of fresh defatted normal bone with 
strontium phosphate and with lead phosphate produced no abnormalities 
in the apatite patterns. 

2. It is quite unlikely that the Sr and Pb were deposited in the form 
of discrete crystals of some inorganic salt for the reasons discussed in (1). 

3. It is very unlikely that ions adsorbed on the surfaces of the bone 
salt crystals could alter the dimensions of the unit cells of such crystals. 

4. The final mode of deposition alone fits the experimental findings that 
the atomic planes of the normal bone salt crystals are distorted by the 
presence of Sr or Pb, and that only one solid phase exists, even when 
rather large amounts of these ions are present. 

It is generally agreed that the inorganic crystallites in bone range from 
10-* to 10-* cm. in length (14). In an effort to elucidate the plausible 
ionic exchange mechanism, calculations were made of the percentage of 
the total number of Ca++ ions present at the surfaces of such a crystal. 
It was assumed that the bone salt was hydroxyapatite, and that the 
crystals were regular hexagonal prisms terminated by basal pinacoid faces. 
It was further assumed that the dimensions were 10 times those of the 
unit cell; 2.e., each prism face was 95 X 69 A, and each pinacoid face was 
a hexagon 69 A on a side. This gives a crystal about 10-* cm. long. 
From geometrical considerations based on the structure of the apatite 
type lattice, determined by St. Naray-Szabo (15), it was calculated that 
surface Ca++ ions comprise about 6 per cent of the total number of Ca** 
ions present in a crystal of the order of 10~* cm. in size. However, mouse 
femur ash containing 8 per cent Sr had been obtained. On the basis of a 
1:1 replacement this corresponds to a substitution of 10 per cent of the 
total number of Cat+ ions by Sr** ions. Admittedly, the assumptions 
are speculative. However, it does appear likely that some of the Sr and 
Pb is located in the interior of the crystals, though perhaps a large portion 
is fixed by exchange with Cat** ions near the crystal surfaces. 
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It must be remarked that the bone samples were from animals which 
had been chronically poisoned with Sr and Pb and that therefore these 
metals had ample time to reach their ultimate sites of deposition. Hence, 
the diffraction evidence presented here has little bearing on the early 
phases of skeletal uptake. It may well be that organic binding or surface 
adsorption or exchange constitutes the initial processes and that incor- 


TABLE V 
Some Natural and Synthetic Apatite-Like Substances 


| | 
Common name | Theoretical formula ao co | 8 | ia — 
divalent 

| | | A 
9.40 | 6.93 (16) 0.99 
Srio(PO,)6(OH): 9.74 7.200 |, (6) | 1.18 
Pbi(PO.)s(OH), 9.88 | 7.32 | (16) | 0.93 
Baio(PO,) «(OH 10.19 | 7.70 (16) 1.35 
Pyromorphite Pbi0(PO4) 9.95 | 7.31 (17) | 0.93 
Chloroapatite Caro(PO,) | 9.52 6.85 | “| (17) | 0.99 
Fluoroapatite Cayo(PO.«) 6F2 9.36 | «6.85 (17) 0.99 
9.37 | 6.88 (7) 0.99 
Hydroxyapatite Cayo(PO,) 6(OH)2 | 9.41 | 6.87 (18) 0.99 
| 9.47 6.88 ‘* | Present | 0.99 

work 
Human and dog | 
tooth enamel | 9.41 | 6.87 | * (18) 0.99 
Human tooth en- 9.47 |6.88 | ‘ (7) | 0.99 
amel | 
Rat femur ash 9.471 6.880 | ‘* | Present 0.99 
| | | | work © 

Human femur ash | | 9.474/ 6.882; “| | 0.99 


*S. = synthetic; N. = natural. 
t The crystal ionic radii are those given by Pauling (19). 


poration into the lattice of the bone salt proceeds at a much slower rate 
(6). It is also probable that such incorporation into any one crystal is 
not permanent, inasmuch as the components of living bone are constantly 
undergoing resorption and reformation. 

Support for the thesis that Sr and Pb can enter the apatite lattice 
without serious disruption thereof is afforded by the existence of a series 
of apatite-like minerals, all of which are isomorphous. The compounds 
are capable of forming solid solutions, one with another. Table V lists 
some of these materials. 

Undue emphasis should not be placed on similarity of ionic radius as a 
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criterion of whether or not one ion can displace another and thus become 
part of a crystal structure. It is sometimes possible for a single foreign 
ion to displace more than one of the native ions and thus produce 
a “defect lattice.” However, such intrusions should be detectable by 
precision determinations of the unit cell dimensions. ‘These techniques 
are currently being applied to the study of the skeletal deposition of 
several other “‘bone-seeking”’ elements. 


SUMMARY 


X-ray diffraction studies of the bone ash of rats receiving repeated 
injections of strontium chloride and of lead acetate indicate that both of 
these cations ultimately enter into the internal structure of the inorganic 
salt crystallites. Powder patterns made with the Debye camera showed 
no evidence of a second solid phase, even in bone samples containing as 
much as 8 per cent Sr or 5 per cent Pb. Determinations of the unit cell 
dimensions of such bones laden with Sr or with Pb were made with a 
precision of +0.01 per cent by the use of a symmetrical focusing back 
reflection camera. Cohen’s method was used for extrapolation of the 
data to a Bragg angle of 90°. These determinations clearly demonstrated 
distortions of the unit cell as a result of the presence of the foreign ions. 
It was impossible to ascertain by density determinations whether the 
foreign cations were present in the lattice interstices or had taken up 
lattice point positions by displacing the normal ionic occupants of those 
positions. 

Large ectopic calcifications were noted on the peritoneal surfaces of the 
rats receiving intraperitoneal injections of lead acetate. The ash of this 
material showed the same crystalline structure as bone salt, except that 
the lattice was distorted by the presence of Pb. 

Although the evidence sheds little light on the initial phases by which 
Sr and Pb ions are accumulated in bone, it is concluded that some, and 
perhaps most, of the cations ultimately become part of the crystalline 
structure of the bone salt. The length of time during which such ma- 
terial remains fixed depends upon the rate of bone resorption and reforma- 
tion. 


The authors wish to express their gratitude to Dr. Ralph E. Nusbaum 
and Mr. G. V. Alexander for performing the spectrographic analyses for 
strontium and calcium. We wish also to thank Mr. Albert S. Cahn of 
the Institute for Numerical Analysis for preparing the list of possible 
interplanar spacings with the International Business Machines computer. 
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SOME IMIDAZO-1,2,3-TRIAZINES AND THEIR BIOLOGICAL 
RELATIONSHIP TO THE PURINES 


By D. W. WOOLLEY* ann ELLIOTT 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, November 27, 1950) 


Since the time that benzimidazole was recognized to be a structural 
analogue of adenine, and its antimicrobial action was found to be antago- 
nized competitively by this purine (1), several other antimetabolites of the 
purines have been described. Thus, carbon atom 8 of the ring system has 
been replaced by a nitrogen atom to yield analogues of adenine, guanine, 
and hypoxanthine (2). Likewise, the substituents attached to the ring 
have been altered in order to achieve such agents as, for example, 2 ,6- 
diaminopurine, an antimetabolite of adenine (3). We wish to report in this 
paper the synthesis and biological examination of members of a new series 
of purine analogues, one member of which is a rather potent competitive 
antagonist to hypoxanthine when tested in several kinds of microorganisms 
and in higher animals. 

Purine analogues in which carbon atom 2 has been exchanged for nitro- 
gen are of interest from a chemical as well as from a biological standpoint, 
because substances containing the imidazo-1 ,2 ,3-triazine ring have appar- 
ently not been described previously. The development of convenient 
syntheses for 4-amino-5-imidazolecarboxamide (4) and its amidine (5) has 
permitted the realization of two of these compounds. When the imidazole- 
_ amide was treated with nitrous acid, 6-hydroxyimidazo-1 ,2 ,3-triazine was 
obtained in good yield. Similar operations on the amidine gave 6-amino- 
imidazo-1 ,2 ,3-triazine. The former has been called 2-azahypoxanthine, 
and the latter 2-azaadenine. The relationship of the two types of com- 
pounds may be seen in Fig. 1. 2-Azahypoxanthine was obtained by Stetten 
and Fox (6), who did not identify it, by reaction of nitrous acid with the 
amine isolated from a culture of Escherichia coli grown in the presence of 
sulfadiazine. 

2-Azahypoxanthine was not toxic to a variety of microorganisms but, 
instead, was able to replace hypoxanthine in the growth of Lactobacillus 
brevis. This organism showed an exquisite need for purines, in contrast 
to the behavior of other lactic acid bacteria for which folic acid can replace 


* With the technical assistance of N. Smith and E. A. Singer. 
+ Fellow of the National Institutes of Health. 
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the purines in the medium.' For L. brevis, neither folic acid, pyrimidines, 
nor p-aminobenzoic acid abolished the dietary requirement. However, 
2-azaadenine was a powerful inhibitor of growth of this and several other 
kinds of microorganisms. Its toxicity was overcome in a competitive fash- 
ion by hypoxanthine, and in at least two species non-competitively by 
adenine. In these latter species, one might conclude, therefore, that 2-aza- 
adenine was inhibiting the formation of adenine from hypoxanthine. In 
thus passing from the metabolite hypoxanthine to 2-azaadenine, two 
structural alterations are involved. The first of these, made by itself, as in 
2-azahypoxanthine, yielded no antimetabolite, but the two changes made 
together gave a very active antagonist. The graded transformation from 
a weak metabolite to a potent antimetabolite has been noted before with 
other essential nutrients as progressive alterations in their structures have 


been made (7). 


Hypoxanthine Aza-adenine 


Fig. 1. Structural relationship of the purine, hypoxanthine, and the imidazo- 
1,2,3-triazine, azaadenine. 


EXPERIMENTAL 


Imidazo-1 ,2 ,3-triazines—Since aminoimidazolecarboxamide and _ the 
corresponding amidine couple with diazonium compounds, the diazotiza- 
tion of these bases was carried out by adding them to an excess of nitrite, 
instead of in the usual fashion. In this way, side reactions due to self- 
condensation were minimized. 

Azahypoxanthine—To a solution of sodium nitrite (0.54 gm.) in water 
(5 ec.) and ice (about 3 gm.), cooled in a freezing mixture, was slowly 
added a solution of 4-amino-5-imidazolecarboxamide hydrochloride (1.25 
gm.) in water (5 cc.). In a few seconds, the triazine crystallized directly 
from the acid solution. It was collected on a filter, washed with water, 
and dried in vacuo at 125°. The yield was 87 per cent. In phosphate 
buffer, pH 6.5, the compound absorbed at two maxima in the ultraviolet: 
A = 250 mug, « = 4600; AX = 283 mu, e = 3900. 


C.H;:ON;. Calculated, N 51.09; found, N 51.00 


‘ Acquaintance with this organism was made through the courtesy of Dr. R. B. 
Merrifield. 
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Azaadenine—When 4-amino-5-imidazolecarboxamidine dihydrochloride 
(0.35 gm.) was treated with aqueous sodium nitrite (0.12 gm.) in the way 
just described, an 88 per cent yield of triazine precipitated. For analysis, 
a sample was decolorized with norit in alkaline solution and precipitated 
with acid. The washed precipitate was dried at 125° in vacuo. This pro- 
cedure did not alter the ultraviolet absorption spectrum, which, at pH 6.5, 
revealed a maximum at 259 mu, e = 7200, and a plateau at 278 to 290 mu, 
e = 4900. 


CaHiNe« Calculated. C 35.29, H 2.96, N 61.76 
Found. “« 35.49, “ 3.01, “ 61.40 


The imidazo-1 ,2,3-triazines, like the purines, were found to be diffi- 
cultly soluble in water and almost insoluble in organic solvents, but readily 
soluble in alkali. ‘They form insoluble salts with silver. Azaadenine was 
comparatively stable to treatment with hot acid. After boiling for 3 hours 
in 5 N hydrochloric acid, at least 80 per cent of a sample remained un- 
changed, as judged by spectroscopic measurement. 

Manner of Testing with Microorganisms—aAll of the bacteria were cul- 
tivated in the medium of Landy and Dicken (8), modified to contain 0.01 
mg. of folic acid and 0.2 mg. of p-aminobenzoic acid per liter instead of the 
folic acid concentrate. All purines were omitted from this medium, and 
20 mg. of thymine were included. Saccharomyces cerevisiae was tested in 
the synthetic medium previously described (9). For Ophiostoma multi- 
annulatum mutant strain 1671 the solution of Fries e¢ al. (10) was employed. 
L. brevis was kindly supplied by Dr. M. S. Dunn of the University of Cal- 
ifornia at Los Angeles, and the mutant strain of O. multiannulatum 1671, 
which required either hypoxanthine or adenine as a growth factor, was 
generously supplied by Dr. N. Fries of the University of Upsala and Dr. 
S. Bergstrém of the University of Lund. All other species were the ones 
used in this laboratory during the past decade. A series of tubes contain- 
ing 10 cc. of total fluid was prepared, each with a known amount of hypo- 
xanthine or other purine and graded concentrations of the analogue to be 
tested. In this way the action could be studied in the presence of any 
desired amount of a given purine or with none at all. All test substances 
were dissolved in slightly more than an equivalent of alkali and neutralized 
before addition to the tubes. The contents of the tubes were sterilized at 
120° for 15 minutes, cooled, and inoculated with 1 drop of a fresh culture 
of the organism, diluted 100 times. Inocula were raised in the appropriate 
basal media without added purine. Incubation was conducted at 37° 
for E. coli, Staphylococcus aureus, and Lactobacillus casei, and at 30° for all 
others. The results of the tests were read when maximal growth was 
attained, usually after 2 days of incubation. Growth was judged both by 
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titration of the acid formed and also by determination of turbidity in an 
Evelyn colorimeter; the data in Tables I to V are only those observed with 
the latter method. Titrimetric results did not differ from these detectably, 
but were deemed necessary because of the probability of precipitation of 
the analogue. The solubilities of these substances decreased at lower 
pH values, and, with most of the species, acid was formed during growth. 
However, no precipitation occurred if less than 200 y per cc. of either 
analogue was present in any culture used in this investigation. Although 
uninoculated controls with the same concentrations of added substances 
were always included, this was not a crucial test, because the pH of such 
controls did not decrease during incubation. 

Slight Hypoxanthine Activity of 2-Azahypoxanthine for L. brevis—When 
L. brevis was inoculated into the basal medium just indicated, it did not 
grow unless one of the purines was added. This was in contrast to all the 
other bacteria tested in this study, because for these latter any purine 
requirement was obviated by the folic acid present. The comparative 
growth-promoting activity of anumber of purines was tested with L. brevis. 
Hypoxanthine, xanthine, adenine, desoxyguanosine, inosinic acid, and 
desoxyinosine were approximately of equal potency when compared on a 
molar basis. Half maximal growth response was obtained with 1.5 to 
2 y of hypoxanthine per:cc. of culture. When 2-azahypoxanthine was 
similarly assayed, it was 0.3 per cent as effective as hypoxanthine. It was 
not inhibitory to growth up to a concentration of 0.3 mg. per cc. 

Inhibition of Growth of L. Brevis by 2-Azaadenine—The data of Table I 
will show that 2-azaadenine caused inhibition of growth of L. brevis under 
the conditions described in a preceding section. The inhibition was never 
complete and it can be seen that as the amount of analogue was increased, 
growth reached a minimum and then began to increase. Behavior of this 
sort has been seen previously with analogues of thyroxine tested on tadpoles 
(11) and with a-methylpantothenic acid tested on bacteria (12). 

Inhibition of Growth of Various Microorganisms with 2-Azaadenine and 
Its Failure to Retard Others—The data of Table II will show that 2-aza- 
adenine inhibited the growth of several species of microorganisms, but 
was apparently harmless to others. These tests were all conducted in the 
presence of 2 + of hypoxanthine per cc. When no purine was present, the 
activity of the analogue in retarding growth was even greater for the sus- 
ceptible forms, because with Lactobacillus arabinosus under such conditions 
a half maximal effect was reached with 0.1 y of the compound per cc. 

The ability to retard growth was not correlated with the nutritional 
requirement for purines, even though such a correlation was attempted by 
taking account of the ability of folic acid to fill the purine needs of some 
species. Thus, L. casei, Streptococcus faecalis, and L. arabinosus may be 
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stimulated by adenine if folic acid is not supplied to them, and all of these 
species were affected by 2-azaadenine. Similarly, the growth of S. cere- 
visiae can be increased slightly by the addition of purines, even though 
good multiplication will take place without it. Purine-independent species 


TaBLe 
Effect of 2-Azaadenine on Growth of L. brevis and L. arabinosus 


Light transmission by culture 


Hypoxanthine 2-Azaadenine 
L. brevis L. arabinosus 
y per cc. Y per cc. per cent | per cent 
0 0 98 25 
5 0 69 26 
15 0 69 26 
5 0.5 43 
5 1.0 61 
5 5 76 68 
5 10 81 59 
5 30 87 
5 100 83 


TABLE II 


Amounts of 2-Azaadenine Which Produced Half Maximal Effect on Growth of 
Microbial Species 
2 y of hypoxanthine per cc. present. 


Organism Amount of analogue 
per ce 

No effect at 200 


* Determined in the absence of hypoxanthine. The incubation period was 24 
hours. When this was extended to 48 hours, no inhibitory effect was observed. 
In the 24 hour test, no amount of 2-azaadenine gave complete inhibition, but rather 
the response was similar to that of L. arabinosus in Table I. 


such as S. aureus and E. coli were indeed quite resistant to the action of the 
analogue. However, the purine-requiring mutant of O. multiannulatum 
was not susceptible. If one wishes to make an exception of this organism, 
then the ability to act was correlated with the possibility of showing, 
under specialized conditions, that purines increase growth, but since in 


4 
} 
| 


406 IMIDAZO-1 ,2 ,3-TRIAZINES 


the medium employed here (containing folic acid) purine requirements 
could only be demonstrated with one of the susceptible species, the rela- 
tionship is obscure. 

Antagonism of Toxicity of 2-Azaadenine with Hypoxanthine—The data 
in Table III will show that hypoxanthine was able to overcome the harmful 
effect of 2-azaadenine on the growth of bacteria. Over a narrow range of 
concentration, the antagonism was competitive in the case of L. arabinosus. 


TABLE III 


Competitive Antagonism between Hypozanthine and 2-Azaadenine in Growth of 
Lactic Acid Bacteria 


2-Azaadenine giving half maximal effect 


Hypoxanthine 
| L. brevis L. arabinosus 
per cc. | per cc. ¥ per cc. 
0.1 
2.0 4.0 0.3 
5.0 8.0 0.9 
10.0 1.8 
15.0 9.0 
30.0 30.0 
TaBLe IV 
Non-Competitive Antagonism of Adenine and 2-Azaadenine in Growth of L. brevis 
Adenine 2-Azaadenine Light transmission 
per cc. per cc. per cent 
0 0 100 
2.1 0 85 
2.1 10 77 
2.1 3 85 
2.1 1 83 
6.3 0 73 
6.3 30 70 


However, deviation from this relationship could be seen when a large con- 
centration range was studied. With L. brevis, the deviation from com- 
petitive antagonism was somewhat more pronounced. However, in con- 
sidering results of this sort, one should recall the sources of error in the 
measurements which are introduced because of the failure of the analogue 
to cause complete inhibition of growth (compare Table I). Therefore, 
the data of Table III perhaps show no more than that a progressive in- 
crease in the hypoxanthine content of the medium resulted in progressive 
reduction of the toxicity of the analogue. 
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Non-Competitive Antagonism with Adenine of 2-Azaadenine—When ade- 
nine was present in the basal medium, 2-azaadenine became relatively 
non-inhibitory of the growth of L. brevis. This was true even when less 
adenine was used than was necessary to meet the needs for optimal growth. 
These facts can be seen from the data in Table IV. Clearly, for this organ- 
ism, adenine abolished the ability of 2-azaadenine to act. Such a result 
would be compatible with the postulate that the analogue retarded the 
formation of adenine from hypoxanthine. When the product of the in- 
hibited metabolic reaction was supplied in the medium, toxicity was over- 
come (cf. (13)). 

The same situation was found with S. cerevisiae, for which adenine was 
observed to be a non-competitive antagonist. However, with L. ar- 
abinosus, additions of this purine did not completely nullify the effects 


TABLE V 


Amounts of 2-Azaadenine Needed for Half Mazimal Effect on L. brevis in Presence 
of Various Amounts of Xanthine As Only Purine 


Xanthine concentration 2-Azaadenine required 
ber cc. per cc. 
2 0.4 
5 0.4 
10 0.6 
20 0.6 
50 0.7 


of 2-azaadenine, even though adenine did antagonize the action of the 
analogue in a manner somewhat comparable to that of hypoxanthine. 

Relative Ineffectiveness of Xanthine As Antagonist to 2-Azaadenine—When 
xanthine was used to promote the growth of L. brevis in the purine-free 
medium, only a negligible reversal of the growth-inhibiting action of 2- 
azaadenine was observed. Under these conditions, the analogue was con- 
siderably more powerful as a growth inhibitor than was the case when 
minimal concentrations of hypoxanthine were used to supply the purine 
needs. These facts can be seen from the data in Table V. 

Toxicity to Mice of 2-Azaadenine and Its Prevention with Hypoxanthine or 
Adenine—When Swiss mice, 4 to 6 weeks old, were maintained on stock 
rations and given neutral aqueous solutions of 2-azaadenine intraperitone- 
ally, they died when more than 0.5 mg. was administered in a single dose. 
With amounts up to 2 mg. per mouse, signs of toxicity did not develop for 
several hours, but all of the animals eventually died. Most succumbed in 
the first 24 hours, but a few survived for 2 or 3 days. A few mice showed 
marked reddening of the ears and tail about 24 hours after the injection 
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with the analogue. The only other outward sign was the humped and 
lethargic appearance of the animals. 

When hypoxanthine or adenine was given along with the analogue the 
toxic manifestations were prevented. With hypoxanthine, daily adminis- 
tration was needed to protect against the lethal action of a single dose of 
2-azaadenine. Thus, when six mice received 2 mg. of analogue plus 5 mg. of 
hypoxanthine, no deaths occurred in the first 48 hours, whereas six animals 
which received only the analogue died in this period. However, after 
48 hours, the ones which had had hypoxanthine began to die, and within a 
week all but one were dead. On the other hand, when 5 mg. of hypoxan- 
thine were injected with the analogue, and then daily thereafter, only four 
deaths among twelve animals occurred over a 10 day period. In a parallel 


TaBLe VI 
Toxicity of 2-Azaadenine for Mice and Its Prevention with Adenine or Hypoxanthine 
2-Azaadenine Adenine sulfate Hypoxanthine 
Animals Deaths 
Injections Injections Injections 

mg. per day mg. per day mg. per day 
0 15 15 
10 1 6 0 
2 | 1 | 1 ] 0 | 6 5 
| 0 5 4 
2 | 1 0 5 | 1 | 6 5 
2 | 1 0 1 | 6 | 6 5 


experiment, the administration of hypoxanthine was interrupted for 1 day 4 
days after the injection of 2-azaadenine. Despite resumption of the hypo- 
xanthine treatment, all the animals subsequently died. In contrast to the 
findings with hypoxanthine, a single dose of adenine sulfate (10 mg.) given 
along with 2 mg. of the analogue protected all animals, and a single dose of 
of 5 mg. saved most of them. When smaller amounts of adenine were 
administered in a single dose with the analogue, all of the deaths occurred 
within 24 hours. This was in contrast to the delayed action seen with 
hypoxanthine. Data bearing on these points are shown in Table VI. 

Besides the evidence just cited, other data suggested that 2-azaadenine 
had a cumulative action. Thus, although a single dose of 0.5 mg. per 
mouse given to large, mature individuals was tolerated, daily injection of 
this same amount into six similar animals resulted in the death of all within 
1 week. 

The findings in mice do not necessarily indicate that 2-azaadenine acts 
as an antimetabolite of hypoxanthine or adenine in this species, because it 
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is possible to construct an explanation of the data based merely on a solu- 
bility effect. Adenine is oxidized in the animal body to 6-amino-2 ,8-di- 
hydroxypurine (14), which because of its limited solubility may accumulate 
in the kidneys and block the tubules. The toxicity of adenine for rats has 
been attributed to this phenomenon. 2-Azaadenine is readily oxidized 
by xanthine oxidase to yield a relatively insoluble product which will be 
discussed in a separate communication. Conceivably, the toxicity of 2- 
azaadenine for mice could be due to crystallization of this oxidation prod- 
uct in the tubules. The protective effect of adenine or of hypoxanthine 
might then arise from the conversion of these purines to their oxidation 
products which, because of similar structure, might render the oxidized 
analogue more soluble. Such mutual increase in solubility of structurally 
related compounds has been observed in the case of the sulfonamide drugs. 
The data thus far accumulated on the toxic action of 2-azaadenine in mice 
do not allow a decision between this simple physical explanation and one 
based on the antimetabolite phenomenon. 


SUMMARY 


Two derivatives of a new ring system, v7z. imidazo-1 ,2 ,3-triazine, have 
been prepared and tested on a variety of living things. These compounds, 
6-hydroxyimidazo-1 ,2 ,3-triazine and 6-aminoimidazo-1 ,2 ,3-triazine, are 
structural analogues of hypoxanthine. The hydroxy compound exhibited 
very slight hypoxanthine activity for Lactobacillus brevis and was not harm- 
ful to any organism tested. The amino compound was a very powerful 
inhibitor of the growth of this and several other lactic acid bacteria, and of 
yeast, but was not thus toxic to some other microbial species. In no case 
was the inhibition of growth complete, and usually the dose-response 
curve rose to a maximum and then declined with increasing concentration 
of the analogue. 

In L. brevis and Lactobacillus arabinosus, hypoxanthine overcame the 
toxic action of the analogue in a fashion approaching a competitive relation- 
ship. Adenine, on the other harid, completely erased the effect on L. 
brevis. Xanthine was practically unable to nullify the growth-inhibiting 
power of the analogue, although it was equal to hypoxanthine in promoting 
growth when no analogue was present. 

The amino analogue was poisonous to mice, and its action in this regard 
was overcome by hypoxanthine or by adenine. There was evidence of a 
cumulative toxicity for mice. 
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During the past few years, several investigators have studied the up- 
take in vitro of labeled amino acids by animal tissues and by microorgan- 
isms (1-4). With the techniques that have been developed it has become 
possible to examine the effect of various conditions on the turnover of 
amino acids in proteins, and thus to gain information on the nature of the 
processes involved. 

In a previous communication (2) it was shown that non-proliferating 
Escherichia colt cells are suitable for the study of this process of uptake of 
amino acids. The method used consists of incubating well washed cells 
in a suitable medium containing S**-labeled methionine. During the in- 
cubation period the bacterial proteins become labeled. ‘The amount of 
radioactivity found in the proteins at the end of the experiment, after 
thorough washing or dialysis, is taken as a measure of the number of pep- 
tide bonds formed under the given conditions. The evidence that this is 
an enzymatic process rather than simple adsorption has been discussed 
previously (2). 

In this paper further investigations of the synthesis of peptide bonds by 
E. coli are reported. 


EXPERIMENTAL 


The E. colt cells (5) were grown overnight on Bacto-nutrient agar. 
They were washed off the slants with saline and washed three times with 
saline at the centrifuge. Sterile conditions were maintained throughout. 
After the final centrifugation, the cells were suspended in the medium 
used in the particular experiment, and then pipetted into tubes contain- 
ing the labeled pi-methionine' and other substances being investigated. 
The incubation was carried out in a water bath at 37° + 0.5°. 


* This investigation was carried out in part under a grant-in-aid from the Amer- 
ican Cancer Society upon recommendation of the Committee on Growth of the Na- 
tional Research Council. Technical assistance made possible by a gift from Mr. 
Arthur Rubloff is also gratefully acknowledged. 

1 Part of the methionine used was prepared at the Abbott Laboratories by Dr. 
D. L. Tabern, whose interest is gratefully acknowledged. We are also deeply in- 
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The bacterial count was determined by turbidity readings. ‘The tur- 
bidity was measured at the beginning and end of each incubation period 
with a Hellige-Diller photoelectric colorimeter. With the exceptions dis- 
cussed below, the turbidity always decreased slightly throughout the in- 
cubation period. 

At the end of the incubation the bacteria were killed by placing the 
tubes in a boiling water bath. The procedure for washing the proteins 
and for preparing the samples for the determination of radioactivity has 
been described previously (2). In two cases noted below the bacteria were 
killed by the addition of trichloroacetic acid (TCA) and washed with 5 
per cent TCA. In these cases the cells were treated with 1 m NaOH once 
during the washing, and then reprecipitated with TCA. In general the 
TCA treatment caused much greater difficulty in centrifugation, and the 
results were more erratic. Since this treatment gave essentially the same 
results as our usual procedure, it has not been adopted. 

Radioactivity determinations were made with a methane-filled tube and 
either a proportional counter with an Esterline recorder or a scaling unit. 

Aminomethanesulfonic acid was prepared by the method of Reinking, 
Dehnel, and Labhardt (6), a-aminoethanesulfonic acid according to the 
procedure of Backer and Mulder (7), and a-aminomethanephosphonic acid 
according to Chavane (8). The disodium salt of N-(o-carboxybenzoy]l)- 
glycine was obtained from N-phthaloylglycine, prepared according to Bill- 
man and Harting (9), by adding 2 equivalents of sodium hydroxide and 
allowing the solution to stand for 24 hours. 


RESULTS AND DISCUSSION 


Effect of Meditum—In our previous work the bacteria were incubated in 
a saline solution containing 200 mg. per cent of asparagine. The addition 
of asparagine was found to increase the amount of protein labeling over 
that obtained in saline alone, whereas glucose was shown to be definitely 
inhibitory (2). However, we have found that incubation in saline is in- 
jurious to the bacteria. For example, when the cells are incubated for 6 
hours in saline and then centrifuged and resuspended in the complete me- 
dium, a lag of 3 hours elapses before a normal growth rate is reached. 
When the cells are incubated in basal medium under otherwise similar 
conditions and then resuspended in fresh medium, no lag at all is observed 
(5). It seems reasonable to assume that the incubation in saline results 
in a loss of essential diffusible nutrients by the cells. Hence, we have 
substituted a medium resembling as closely as possible the optimum me- 
dium for growth of these organisms. 


debted to Dr. Harold Tarver of the University of California for a gift of the remain- 
der of the methionine used in this work. 
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The basal medium used in our present work consists of 8 gm. of NaCl, 
2.72 gm. of KH2PQ,, 16.4 ml. of m NaOH, and 167 mg. each of MgSO,, 
CaCl, and FeCl: per liter of solution, and has a final pH of 7.4. This 
medium differs from the complete medium (10) in that all sources of car- 
bon and nitrogen have been omitted, and NaCl has been substituted to 
maintain isotonicity. The uptake of methionine obtained in this medium 
compared to that obtained in the saline and asparagine medium used pre- 
viously is shown in the first two rows of Table I. It is evident that no 
significant difference exists in the results. When the basal medium was 
supplemented with ammonium sulfate, the protein labeling was increased 
by about 30 per cent. Addition of 200 mg. per cent of glucose resulted 
in an even more marked increase in the extent of the reaction (Table I). 


TABLE I 
Uptake of Methionine by Escherichia Coli 
Each tube contained 7.6 um of labeled pL-methionine and 17 mg., dry weight, of 
E. coli cells, in a total volume of 37 ml. The incubation time was 6 hours at 37°. 


The basal medium contained, per liter, 8 gm. of NaCl, 2.72 gm. of KH2PQO,, 16.4 
ml. of m NaOH, 1.67 mg. of MgSO,, 1.67 mg. of CaClz, and 1.67 mg. of FeCl. pH 7.4. 


Medium 
pum X 10 
Saline + 200 mg. % asparagine....... 2.4, 1.9 
+ 4.72 gm. per liter 2.8, 3.5 


These effects are quite different from those obtained in saline, in which 
nitrogen was without effect and glucose was inhibitory. It is now ap- 
parent that the inhibition by glucose in saline is due to the rapid decrease 
in pH which results when the glucose is metabolized in the non-buffered 
saline solution. ‘The basal medium, however, is buffered, and the glucose 
is seen to stimulate protein labeling. Since synthesis of peptide bonds is 
an endergonic reaction, it is not surprising that glucose can increase the 
synthesis, probably by supplying the requisite energy. 

Effect of Dinitrophenol (DNP)—The stimulation of protein labeling by 
glucose suggests immediately the possibility that the energy for this reac- 
tion is provided by the production of adenosinetriphosphate (ATP). This 
has been shown to be the case in similar reactions, such as the synthesis 
of p-aminohippuriec acid by liver (11). Since DNP is known to inhibit 
the production of ATP in the oxidation of glucose (12), the effect of this 
drug on methionine uptake was studied. The results in Table II show 
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clearly that DNP is a powerful inhibitor of protein labeling in the bac- 
terial system. This observation is in accord with the hypothesis, orig- 
inally suggested by Lipmann (13), that protein synthesis is driven by 
phosphate bond energy. That this may prove to be a general property 
of protein synthesis is suggested by the observation of Zamecnik et al. (3) 
that DNP inhibits the uptake of alanine by normal and malignant rat 
liver. Furthermore, Borsook et al. (4) have found that DNP is inhibitory 
to the uptake of leucine and glycine by several tissues, although not to 
the uptake of lysine by liver homogenates from guinea pig. 

Effect of Aeration—In this experiment the cells were incubated in the 
basal medium containing 200 mg. per cent of glucose. The washing was 
carried out with TCA as described in the experimental section. A mix- 


TaB_Le II 
Effect of Dinitrophenol on Uptake of Methionine 
Experiment No. Conditions yey 
uu X10 
1 Basal medium + 200 mg. % glucose + 1.7 2.3 
uM labeled methionine 
1 Same + 1 X 10°? m DNP 0.1 
2 Basal medium + 200 mg. % glucose + 6.6 9.4* 
uM labeled methionine 
2 Same + 1 X 10°? m DNP 0.4* 


*These bacteria were dialyzed for 4 days after heating instead of being washed by 
centrifugation. 


ture of 95 per cent O, and 5 per cent CO, was bubbled slowly through 
half of the tubes throughout the incubation. The effect of azide on the 
reaction was also determined in each case. The results are recorded in 
Table III. It is evident that the inhibition by azide is much less marked 
than that which was previously observed in saline suspensions (2). The 
aeration resulted in a marked increase in protein labeling, and this in- 
crease was inhibited by the azide. However, the turbidity measurements 
indicated a very definite increase in bacterial count during aeration. This 
increase was also prevented by the presence of the azide. 

Interpretation of these results awaits determination of how these cells 
are able to grow with no source of nitrogen other than the methionine 
added as substrate. If the oxygenation permitted complete utilization of 
the nitrogen of methionine by increasing its conversion to other amino 
acids, one would expect an increase in sulfate production. In parallel ex- 
periments, in which the washing was done in the usual manner, sulfate 
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and cysteine (cystine) were determined in the supernatant as previously 
described (1). It is to be noted (Table III) that the aeration did cause 
an increase in cysteine (cystine) production, but had no effect on the sul- 
fate. We have, therefore, no immediate explanation of the ability of these 
cells to grow in this medium upon aeration. 

Time-Course of Reaction—In this experiment the basal medium supple- 
mented with 200 mg. per cent of glucose and 19.4 um of pL-methionine 
per 100 ml. was used. The medium was incubated at 37° during the time 
spent in washing the bacteria with saline. The bacteria were washed out 
of the centrifuge tube with the preheated medium at zero time. 50 ml. 


TaBLeE III 
Effect of Aeration on Uptake of Methionine 


The incubation time was 6 hours at 37°. 9 um of labeled methionine added to 
each tube. Total volume 37 ml. Aeration with 95 per cent oxygen + 5 per cent 
carbon dioxide. 


S converted to Bacterial count 
Conditions 

Protein | Cysteine | Sulfate | Original | Final 
X10 | K pw KX 1A 10° 
Basal medium + 200 mg. % glucose 3.4 24 26 0.85 0.80 
3.9 0.85 0.80 
Same + 1 X 107? m azide 2.4 0.80 0.70 
3.2 0.75 0.75 
Basal medium + 200 mg. % glucose, 6.4 59 O|ttC« 0.73 0.90 
aerated 6.4 0.78 0.95 
Same + 1 X 107? M azide, aerated 3.3 41 24 0.80 0.80 
4.1 0.78 0.75 


aliquots were taken at hourly intervals and placed in a boiling water bath 
to stop the reaction. 

Fig. 1 shows the amount of labeled protein as a function of time. It is 
evident that under these conditions the reaction proceeds almost linearly 
for 3 hours and then levels off. It is interesting to note that less than 1 
per cent of the substrate has been incorporated during this interval. Since 
only small amounts are converted to cysteine (cystine) and sulfate, it is 
reasonable to assume that most of the substrate is still present when the 
reaction ceases. It also appears that the sharp decrease in rate cannot be 
due to exhaustion of the supply of glucose, since this amount of glucose 
can support cells in rapid growth for longer periods than are used in this 
experiment. It is possible that the limiting factor in the extent of the syn- 
thesis is the other amino acids required for the synthesis of protein. There 
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is considerable evidence that protein synthesis cannot occur unless all the 
amino acids are present. This has been shown in growth studies by Can- 
non (14). The recent report of Farber et al. (15) that ethionine, which is 
known to be a competitive inhibitor of the reactions of methionine, will 
inhibit the uptake of labeled glycine by liver slices indicates that this may 
also apply in cases in which no net synthesis of protein is involved. In 
the experiments reported here the amino acids other than methionine are 
limited to endogenous sources, and it is possible that these amino acids 
can sustain protein synthesis for a relatively short time only. 
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Fic. 1. Time-course of protein labeling. Incubation in basal medium plus 200 
mg. per cent of glucose. 9.7 um of methionine and 26 mg. of bacteria in 50 ml. of 
medium. 


Fic. 2. Effect of bacterial concentration on protein labeling. Incubation in basal 
medium plus 200 mg. per cent of glucose. 12.8 um of methionine added per tube. 
The total volume was 50 ml. 


It is important to note that in the interpretation of the results of ex- 
periments with inhibitors and accelerators it is necessary to limit the time 
of incubation to the linear portion of the curve (Fig. 1), since, if the re- 
action were to proceed into the level portion of the curve, an inhibitory 
effect could be overlooked. 

Effect of Bacterial Concentration—In this experiment the bacterial con- 
centration was varied over a 4-fold range, everything else being held con- 
stant. As can be seen from the results, which are plotted in Fig. 2, the 
amount of protein labeled in 1 or 2 hours is directly proportional to the 
concentration of bacteria. Considering the complexity of the reaction un- 
der study, which involves the enzymes of carbohydrate metabolism as well 
as those of protein synthesis, this might seem surprising, since all the com- 
ponents are necessarily increased simultaneously as the bacterial concen- 
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tration is increased. However, it must be borne in mind that the system 
involved is bound within cells, and hence the concentration of these con- 
stituents is not increased with respect to each other. Instead, the result 
of increasing the concentration of bacteria is simply to increase the num- 
ber of sites at which protein synthesis can occur. This would give the 
apparent first order reaction which is observed. 

Lodge and Hinshelwood (16) have presented evidence that a diffusible 
substance is produced by bacteria which stimulates the growth of the cells. 
The direct proportionality between the number of cells and the labeling 
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MICROMOLES OF METHIONINE 


Fic. 3. Effect of substrate concentration on protein labeling. The incubation 


time was 1 hour. Curve I, 25 mg. of bacteria, samples washed with TCA; Curve 
II, 17 mg. of bacteria. 


of protein observed here would indicate that such a substance does not 
exert its effect by stimulating protein synthesis. 

Effect of Substrate Concentration—In these experiments the concentra- 
tion of substrate was varied by adding non-radioactive pLt-methionine, the 
number of counts being held constant. The results of two different ex- 
periments are plotted in Fig. 3. In one experiment the washing was car- 
ried out with TCA, as described in the experimental section, to preclude 
the possibility that the slow rise at high levels was due to a non-specific 
adsorption. In each case a straight line was obtained which did not in- 
tersect the origin. 

We were unable to investigate the region below 1 um of substrate, but 
it seems obvious that the curve must undergo a sharp increase in slope 
at lower levels. It is assumed that the specific activity of the substrate 
is the same as the specific activity of the methionine within the cells, since 
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Taylor has shown that several strains of E. colt have no tendency to con- 
centrate free amino acids (17). It is interesting to note that Simpson and 
Tarver (18) have reported such a two-phase curve in studying the uptake 
of methionine by rat liver slices. Other investigators, however, have not 
observed this phenomenon in working with amino acids other than me- 
thionine (4). 

A curve such as is illustrated in Fig. 3 could result if more than one 
enzyme is involved in this process of methionine uptake. The rate of the 
reaction (¢.e., the labeling of protein) can be expressed for each enzyme 
involved by the classical equation of Michaelis and Menten (19) 


where » is the velocity of the reaction, V,, is the maximum velocity attain- 
able, K, is the Michaelis constant and S is the substrate concentration. 
If two enzymes of different Michaelis constants, K, and KY are involved, 
the observed velocity V will be given by 
Vas 


(2) 


In a region of substrate concentration such that 
(3) 
equation (2) simplifies to 


(4) 


Thus, in the region in which this restriction holds, a plot of V against S 
should give a straight line of slope V../K, and intercept V... It is evi- 
dent that this type of curve would be expected if more than one enzyme 
system is involved in the process, and the K, values are sufficiently differ- 
ent to prevent overlapping. At higher levels of substrate concentration, 
the velocity should eventually reach a maximum equal to V, + V%. 

Effect of Amino Acid Analogues—Most of the work on inhibitors of pro- 
tein synthesis ¢n vitro has dealt with inhibitors of carbohydrate metabo- 
lism. A notable exception is the work of Farber, Simpson, and Tarver 
with ethionine (15). A study of inhibitors which might affect the protein- 
synthesizing enzymes directly would seem to be a promising aspect of the 
problem. For this reason the effect of several analogues of glycine and 
alanine has been examined. 

Results of experiments with aminomethanesulfonic acid are shown in 
Table IV. Contrary to expectations, this compound at low concentra- 
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tions (0.0007 m) caused a marked increase in protein labeling. In the 
same solutions, the bacteria also showed considerable growth. It seems 
probable, therefore, that E. colt is able to deaminate this aminosulfonic 
acid and utilize the nitrogen for growth. At higher concentrations (0.01 m) 
of the aminomethanesulfonic acid less stimulation was observed. Con- 
sequently, it seems possible that this compound is an inhibitor of methio- 
nine uptake, but that its ability to stimulate growth masks its inhibitory 
properties. This utilization of the aminosulfonic acid is interesting in 
view of the fact that the bacteria show no tendency to grow in 0.001 m 
methionine under comparable conditions. 

a-Aminoethanesulfonic acid also stimulated protein labeling but to a 
much lesser degree (Table IV). 


TaBLe IV 
Effect of Amino Acid Derivatives on Uptake of Methionine 
Additions incorporated 

um X 18 
0.00017 “ - + 0.0007 m aminomethanesulfonic acid.. 8.5, 7.9 
0.00017 “ + 0.001 m a-aminoethanesulfonic acid ._. 4.2 
0.00013 “ ¥ + 0.0007 mM aminomethanesulfonic acid. . 21, 20 
0.00013 “ - + 0.01 m aminomethanesulfonic acid..... 8.1 
0.00013 “ ve + 0.02 m aminomethanephosphonic acid. 3.3, 3.6 
0.00013 “ - + 0.02 m N-(o-carboxybenzoyl)glycine.. . 3.4, 3.6 


In contrast, aminomethanephosphonic acid proved to be a weak in- 
hibitor of methionine uptake. An experiment at a relatively high concen- 
tration (0.02 m) showed only about 30 per cent inhibition (Table IV). 
Similar results were obtained with N-(o0-carboxybenzoyl)glycine (Table 
IV) at comparable concentrations. Preliminary experiments with N-(o- 
carboxybenzoyl)methionine indicate it is inhibitory to a similar extent. 
Evidently the nitrogen in these compounds is not utilizable by the bac- 
teria. Thus N-substituted amino acids, being more readily available 
than the phosphonic acids, offer some promise as possible inhibitors of 
protein synthesis in these microorganisms. 


SUMMARY 


The incorporation of S*-labeled methionine into washed Lscherichia 
coli cells has been studied. Glucose and ammonium sulfate have been 
found to stimulate the labeling of protein in this system. Dinitrophenol 
was markedly inhibitory. 


“a 


420 SYNTHESIS OF PROTEIN BY BE. COLI 


Aeration caused an increase in protein labeling and some growth. ‘These 
effects were abolished by azide. 

The rate of the reaction was found to be directly proportional to bacte- 
rial concentration. 

The effects of substrate concentration were studied, and the results 
interpreted on the assumption that at least two enzymes are involved in 
the labeling of protein with methionine. 

The effects of aminomethanephosphonic acid, some aminosulfonic acids, 
and some carboxybenzoy] amino acid derivatives have been investigated. 
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It is possible that the virus formed in infected tissue derives from an 
abnormal sequence of some normal metabolic processes of the cell. Thus 
those enzymatic reactions which lead to the formation of cellular com- 
ponents may also be involved in viral synthesis. One approach to this 
problem of viral biogenesis is to determine which enzyme systems of the 
host cell are essential to the process. It is from this view-point that 
consideration is given in the following study to the relation of certain 


oxidative reactions of the Krebs cycle to the production of influenza 
virus. 


Materials and Methods 


Virus—The virus selected for this study was the PR8 strain of influenza 
type A. It was isolated from man and has undergone seven passages in 
ferrets, 593 passages in mice, and 115 passages in eggs. The host cells 
were those of the chorio-allantoic membrane and were obtained from 14 
or 15 day-old embryonate chicken eggs. 

Culture—This host-virus system was cultivated in the flasks of a War- 
burg apparatus with a modified Simms’ solution; the composition is given 
in Table I. Considerable acidity develops in this type of culture during 
24 hours. It may arise from the formation of both lactic acid and carbon 
dioxide. If potassium hydroxide is used in the center well, suitable 
amounts of bicarbonate cannot be used for buffering since the medium 
rapidly becomes alkaline. In order to measure oxygen uptake, to use 
bicarbonate freely in the medium, and to maintain a partial pressure of 
carbon dioxide in the system, the center well mixture described by Pardee 
(1) was adapted to this culture system. It is composed of a mixture of 
diethanolamine, potassium bicarbonate, and hydrochloric acid. The pro- 
portions were selected to give an equilibrium concentration of 3 per cent 
carbon dioxide in the gas phase (1). Since an equilibrium exists among 
the concentrations of carbon dioxide in the Simms solution, in the gas 
phase, and in the center well mixture, this system provides an effective 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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buffering action, in addition to a constant partial pressure of carbon 
dioxide. A culture containing 10 per cent tissue will show, after equilibra- 
tion, a change of less than a few tenths of a pH unit over a period of 48 
hours. 

In all experiments each flask contained 200 mg. of membrane which was 
used intact without mincing. The Warburg culture flasks were incubated 
at 37° with shaking and the duration of each experiment is given in the 
corresponding tables. The inoculum was prepared by making suitable 
dilutions of infected allantoic fluid in Simms’ solution. In all instances 
0.3 ml. of inoculum was used per flask and the final volume of the medium 
and tissue was 3.0 ml. 

TaBLeE I 
Composition of Culture Medium 


Constituent Concentration 
mole per | 

6.0* 


* Expressed in mg. per liter. 
t Expressed in units per liter. 


Virus Titer—The amount of virus was estimated both by determining 
the hemagglutinating titer by using a pattern method (2) and by calcu- 
lating the 50 per cent infectious titer in eggs (3). 

Glwcose—The method of Folin and Malmros (4) was used to determine 
glucose. 

Oxygen—The oxygen uptake was measured manometrically in the con- 
ventional manner. 

Antimycin A—Crystalline antimycin A (5) was a gift of Dr. F. Strong. 
It was dissolved in absolute alcohol and diluted 1:400 in water. The 
volume of this 0.25 per cent alcohol solution added to the flasks did not 
exceed 0.2 ml. Equal amounts of alcohol were used in the control cultures. 


Results 


Effect of Influenza Virus on Host Respiration—The respiration of 
cultures of chorio-allantoic membrane was measured at intervals during a 
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period of 27 hours. The results were compared with similar cultures 
which contained in addition an inoculum of influenza virus. A summary 
of a typical experiment is contained in Table II. It will be observed that 
during this period there was a 100,000-fold increase in virus, indicating 
that the tissue was infected (Table II). Further, there is no striking 
difference in the oxygen uptake values of the normal and infected cultures 
(Table II). | 

Effect of Oxygen Tension on Propagation of Influenza Virus—Warburg 
flask cultures containing virus were evacuated of air and refilled with 
either oxygen, nitrogen, or air. A comparison of the effects of these 


TaBLeE II 
Effect of Influenza Virus on Oxygen Uptake of Chorio-Allantoic Membrane 
The membranes were 14 days old; the initial virus titer* was 10*-; the final virus 
titer* was 


mes Os uptake, ul. Os per 200 mg.t per 30 min. 
Viral Normal 

hrs. 
2.25 18.3 20.7 
4.25 18.4 19.2 
7.00 16.1 16.8 
9.33 16.9 17.9 
20.25 18.3 18.6 
22.17 18.0 17.5 
23.17 16.6 16.9 
25.50 19.5 19.9 
27.08 20.5 20.7 


* Reciprocal of the dilution. 
t Mg. of moist tissue per flask. 


gases on the propagation of influenza virus demonstrated that no signifi- 
cant increase in virus, as manifested by production of hemagglutinin or 
infectivity, occurs in the absence of oxygen (Table III). Pure oxygen 
was not found superior to air. 

Action of Malonate on Host and Virus—Concentrations of sodium 
malonate in the range of 0.02 to 0.06 m have no inhibitory effect on the 
uptake of glucose by the membrane (Table IV). However, in this range 
of concentrations, there is a partial inhibition of the endogenous respira- 
tion of the tissue. Further, there is a correlation in the respiration, the 
virus propagation, and the level of malonate. Amounts of inhibitor 
which reduce the oxygen uptake inhibit the viral propagation (Table IV). 

It is possible to recover from inhibited cultures the virus which was 
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originally introduced in the inoculum. This indicates that malonate is 


not virucidal. 
multiplication. 


It does not destroy the influenza virus but rather halts its 
In some experiments the inhibitory action of malonate 


was observed when it was added to the medium 4 hours after the addition 


of the virus and tissue (Table V). 


From this it appears that the inhibitor 


does not act upon the mechanism whereby the host cells become infected; 
on the contrary, it can stop the propagation of virus in infected tissue. 


TABLE III 


Effect of Oxygen Tension on Propagation of Influenza Virus in Vitro 


In each flask were 200 mg. of tissue. 


The duration of the experiment was 21 hours. 


Gas phase 


uptake,* wl. O2 per 
p 200 mg. 


Final hemagglutination 


Final infectivity titert 


30 min. per titer (initial, 0) (initial 102.5) 
* Average from first 3 hours. 
t Reciprocal of the dilution. 
TABLE IV 


Action of Malonic Acid on Growth of Influenza Virus, on Oxygen Uptake, and on 
Glucose Uptake of Chorio-Allantoic Membrane 


In each flask were 200 mg. of tissue. The duration of the experiment was 19 
hours. 
Final Final 
Os per 30 6 hrs. 1088) 
Ad 

0.00 17.9 2.60 | 213 1078 
0.02 17.4 2.52 ! 192 107-8 
0.04 14.6 3.00 69 108-5 
0.06 | 9.4 | 2.65 0 1033 


* These data are from a separate similar experiment. 
t Reciprocal of the dilution. 


Virustatic Nature of Malonate Action—The propagation of the virus can 
be inhibited completely by the addition of 0.06 m malonate to the culture. 
However, after incubation for 24 hours with this concentration of in- 
hibitor, the membrane will still support the propagation of virus (Table 
VI). To demonstrate this, the tissue is removed from the medium con- 
taining malonate; it is washed in Simms’ solution and then it is added to a 
fresh culture medium free of inhibitor. From this type of experiment it 
is seen that the malonate causes no permanent injury to those cellular 
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is TaBLe V 
+3 Effect of Time of Addition of Inhibitor on Action of Inhibitor 
-@ Each flask contained 200 mg. of tissue. The duration of the experiment was 20 
hours. 
Time® of Final 
Inhibitor Concentration addition of infectivity titert 
1: inhibitor (initial, 102-%) 
hrs. 
4.0 103-5 
4.0 103-° 
t on. 
* Time as measured after the addition of virus to the tissue. 
+t Expressed as reciprocal of the dilution. 
TaBLe VI 
‘ Virustatic Nature of Action of Malonate on Influenza Virus Growth in 
Chorio-Allantoic Membrane 
The prior incubation period was 24 hours at 37°. The concentration of malonate 
was 0.06 m. Approximately 300 mg. of tissue were used per flask. The duration of 
the growth period was 24 hours. 
Tissue previously Malonate 
19 
Without 0.00 10° 
_ * Reciprocal of the dilution. 
VII 
Action of Antimycin A on Growth of Influenza Virus, on Oxygen Uptake, and on 
Glucose Uptake of Chorio-Allantoic Membrane 
In each flask were 200 mg. of tissue. The duration of the experiment was 22 
hours. 
Final 
A, O2 ke, ul. O2 Gl 
per mg. per hrs, | Memagglutination | infectivity titert 
0.00 25.6 1.82 171 
0.02 21.3 1.87 72 108° 
le 0.03 18.7 1.95 48 108-3 
1- 0.04 15.8 1.85 0 108-3 
a 0.05 11.8 1.74 0 10?-° 
it * These data are from a separate similar experiment. 
ar t Expressed as the reciprocal of the dilution. 
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mechanisms involved in viral propagation. In this sense the action of 
malonate is reversible. 

Action of Antimycin A on Host and Virus—Very small concentrations of 
antimycin A (0.013 y per ml.) cause a marked inhibition of the en- 
dogenous respiration of the membrane and a corresponding inhibition of 
virus production (Table VII). While the antibiotic halts viral propaga- 
tion, it, like malonate, does not destroy preformed virus. The order of 
addition of the virus and the inhibitor to the culture has no effect on the 
outcome of the experiment (Table V). This indicates that the antibiotic 
acts by interference with those synthetic mechanisms whereby virus is 
reproduced in infected tissue. It will be noted that the inhibited tissue 
retains a considerable part of its endogenous respiration and the glycolytic 
system appears to be operative (Table VII). 


DISCUSSION 


The failure to find significant differences in the respiration of normal 
and infected membranes (Table I) in vitro is not consistent with the 
observation im vivo of other workers using eggs. This indicates either 
that the differences recorded by Parodi et al. (6) and Pinkerton et al. (7) 
in the oxygen uptake of normal and infected eggs are secondary effects of 
the virus on the embryo (8) or that the changes are due to an infection 
involving tissues in addition to the chorio-allantoic membrane. 

However, McLimans and coworkers, also studying virus infections in 
vivo, have not been able to demonstrate any significant stimulation in the 
oxygen uptake of eggs infected with a strain of Newcastle disease virus or 
with Western equine encephalitis virus (9). Further, Pearson et al., 
using cultures of mouse brain in vitro, have been unable to find any 
change in respiration which is induced by the propagation of Theiler’s 
virus (10). 

The results of the experiments in vitro reported here do not indicate 
that the process of infection with influenza virus during the first 27 hours 
alters the metabolism in any manner that is demonstrable as a change in 
the endogenous respiration. However, this 27 hour period is sufficient to 
increase greatly the virus titer. 

Variations in the oxygen tension of the gas phase of the culture 
markedly influence the rate of virus propagation (Table II). These 
results are consistent with the findings of Magill and Francis (11) and 
indicate the essentiality of certain aerobic oxidative processes for virus 
multiplication. Furthermore, the data of Tables III and IV suggest that 
at least one of those essential reactions is a metabolic step of the Krebs 
cycle. 

Malonic acid is a competitive inhibitor of succinic dehydrogenase and 
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can be expected to block the whole Krebs cycle in the absence of a con- 
tinuous supply of di- or tricarboxylic acids. Antimycin A acts upon some 
component of the succinic dehydrogenase system. The exact mode of 
action is unknown, but it does not act as a sulfhydryl inhibitor and has 
no action against urease, cholinesterase, or the glycolytic system (5, 12). 

There is a close correlation in the concentration of these substances 
which inhibit succinic dehydrogenase, the rate of oxygen uptake of the 
host cell, and the rate of virus propagation. However, from these data 
it is not possible to deduce which specific reactions of the Krebs cycle are 
the essential ones involved. 

It is appreciated that there is much evidence to indicate that the intact 
cell is essential for virus production. The result of the action of these 
inhibitors is not the destruction of the cell “integrity.’”” The entire mech- 
anism of the cell necessary for virus production is still capable of function- 
ing after the tissue has been incubated with malonate for 24 hours (Table 
VI). Further, the glycolytic activity of the cells in the presence of malo- 
nate or antimycin A demonstrates that the cell membrane is intact, since 
mechanical disruption of the cells in this type of medium does not permit 
glycolytic activity (13, 14). One possible explanation is that certain re- 
actions involved in the synthesis of the virus are coupled with specific 
degradative oxidations of the Krebs cycle. The work of Bovarnick and 
Miller suggests that in the case of typhus rickettsiae these enzyme systems 
are essential and are part of the infectious agent (15). 


SUMMARY 


1. A suitable method for the culturing of influenza PR8 virus in Warburg 
flasks is described. 

2. The effect of virus growth on host-cell respiration was determined. 

3. The effect of aerobic and anaerobic conditions on virus propagation 
was observed. 

4. Malonic acid and antimycin A were found to inhibit influenza virus 
production in vitro by action upon the tissue cells. 

5. Evidence is presented which indicates that the functioning of the 
Krebs cycle is essential for the propagation of influenza virus. 
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The utilization of deuteroacetate for the synthesis of ergosterol in an 
acetateless Neurospora mutant has been described in an earlier paper (1). 
In this work it was demonstrated that at least 25 per cent of the hydrogen 
atoms of ergosterol is derived directly from acetate. Since the use of 
deuterium as a tracer necessarily involves errors of unknown magnitude due 
to the lability of deuterium attached to carbon in certain organic com- 
pounds and loss of deuterium during condensations, it was thought desir- 
able to use isotopic carbon as the method of tagging the sterol precursors; 
the incorporation of two possible precursors, acetate and isovalerate, was 
studied. Recent work (2) has indicated that isovalerate is very efficiently 
used for cholesterol synthesis in the rat. 

As in previous experiments, a mutant strain of Neurospora (Y-2492) has 
been used which is genétically incapable of forming 2-carbon units in the 
metabolism of sucrose, and hence must be provided with exogenous acetate 
for growth.! | 


EXPERIMENTAL 


The acetateless mutant strain of Neurospora crassa was used in these 
experiments as the reisolated strain Y-2492-17-(3-6)a (3). 

All cultures were grown in 20 liter Pyrex bottles containing 15 liters of 
minimal medium (4), 15 gm. of sucrose, and 6.66 gm. of sodium acetate. 
In the experiment in acetate utilization, the acetate was labeled with C™ 
in the methyl group and C"* in the carboxyl group; it contained 2.12 K 10 
c.p.m. of C™ and 0.234 atom per cent excess C%. For the experiment 
in isovalerate utilization, the medium was supplemented with unlabeled 
sodium acetate (6.66 gm.) and 104.5 mg. of sodium isovalerate labeled 
with C in the carboxyl group and C*® in the terminal methyl groups; it 
contained 1.00 X 105 c.p.m. of C and 22.8 atom per cent excess C™. 


* Present address, Department of Biological Sciences, Stanford University, 
Stanford, California. 
t Supported by a grant-in-aid from the Life Insurance Medical Research Fund. 
1 Tatum, E. L., and Garnjobst, L., unpublished experiments. 
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The cultures were incubated for 3 days at 30° with constant aeration 
with sterile air. The mycelia were filtered off and washed with water. The 
material was dried, crushed in a mortar, and extracted with acetone in a 
Soxhlet apparatus for 48 hours. The acetone was distilled under reduced 
pressure and the residue saponified with alcoholic potassium hydroxide 
for 24 hours at room temperature. The sterol fraction was removed by 
ether extraction, and the ether solution was dried over sodium sulfate, 
filtered, and distilled. The residue was taken up in 90 per cent ethanol 
and the sterol precipitated with digitonin. The digitonides were washed 
successively with 75 per cent ethanol, 90 per cent ethanol, and twice with 
ether. 


TABLE I 
Utilization of Methyl and Carboryl Carbons of C'*H,C“%OOH 
| | 
CY | Methyl- 
Fraction cu cu carboxyl 
Relative ratio 
concentration*® 
c.p.m. atom % 
xX excess 
Acetic acid added, 5.0 gm.......... 2.12 0.234 100 100 
“recovered, 0.117 gm....| 1.98 94 


* (Isotope concentration in compound) /(isotope concéntration in precursor). 
t Results of one isotope analysis. 


Isotopic analyses were carried out on the digitonides and the isotope 
concentrations converted to the corresponding values for the free sterols. 
All determinations of C'* were made by burning the samples to carbon 
dioxide and converting to barium carbonate, which was then counted in a 
Geiger-Miiller counter; counts were corrected to infinite thickness. The 
analyses, except when otherwise stated, were carried out in triplicate, 
and each sample was counted for a sufficient length of time to insure less 
than 3 per cent probable error. C!* was determined by mass spectrometric 

analysis with less than 3 per cent probable error. 


Results 


The results of the experiment in acetate utilization are given in Table 
I. The relative concentrations represent the extent to which acetate is 
utilized in the synthesis of a given fraction of the mold. The relative 
concentrations of 30 for both isotopes in the mycelia indicate that approx- 
imately 30 per cent of the cellular carbon was supplied by acetate, the 
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remaining 70 per cent having its origin in the sucrose of the medium. 
Since the relative C'" and C™ concentrations in the mycelia were the same, 
the intact acetate molecule must have been used as such in the synthesis 
of cell material. 

Unfortunately, most of the fatty acid fraction from this experiment was 
lost, but enough was salvaged to allow one isotope analysis. The methy]l- 
carboxyl ratio of 0.91 of this fraction must therefore be regarded with 
some suspicion. Since the biosynthesis of fatty acids is known to proceed 
principally by C, condensation (5), this ratio should be unity. The ex- 
tensive utilization of acetate for fatty acid synthesis is confirmed by the 
high conversion figures. It is clear from this result that very little, if any, 
sucrose carbon has been used for fat synthesis. The conversion of carbo- 
hydrate to fatty acids in Neurospora must therefore normally proceed by 
way of 2-carbon intermediates. 

The high relative isotope concentrations in the sterol fraction indicate, 
first, that acetate is essentially the sole sterol precursor, and, second, that 
the supplementary acetate was practically undiluted by carbon from 
sucrose. This also serves as indirect evidence that the mutant strain of 
Neurospora is incapable of forming 2-carbon units from sucrose. Direct 
evidence for this is provided by the fact that the residual acetate recovered 
from the culture after growth showed essentially no dilution of isotopic 
activity (Table I). 

Evidence has recently been obtained (6) that acetate is the sole carbon 
source in the synthesis of cholesterol in the rat. In rat liver, the methyl 
and carboxyl carbon atoms of acetate are utilized for cholesterol synthesis 
in a ratio of 1.27, which suggests that the sterol molecule is derived from 
fifteen acetate methyl groups and twelve acetate carboxyl groups. 

If it is assumed that ergosterol is composed of fourteen acetate methyls 
and fourteen acetate carboxyls, the isotope ratio should be 1.00. If the 
molecule arises from fifteen methyls and thirteen carboxyls, the isotope 
ratio should be 1.15. The observed methyl-carboxyl ratio of 1.08 suggests 
that either of these distributions might obtain if acetate is the sole source 
of ergosterol carbon in Neurospora. 

The principal difference between the carbon skeletons of cholesterol and 
ergosterol is the presence of an additional methyl group attached at C-24 
in the ergosterol molecule. The fact that the methyl-carboxyl ratio of 
1.08 in ergosterol is significantly lower than the ratio of 1.27 found for 
cholesterol suggests that the additional carbon of ergosterol, the C-24 
methyl group, arises from a source other than acetate methyl. The data 
suggest that all of the carbon atoms of ergosterol arise from acetate, but 
the possibility that one or two carbons come from some other source can- 
not be excluded. 


n 

a 

d 

le 

h 

pe 

ls. 

on 

1a 
he 

te, 

PSS 

ric 

ble 

1S 

ive 

OX- 

he 


432 SYNTHESIS OF ERGOSTEROL 


Table II gives the results of the experiment in isovalerate utilization. 
The introduction of isovalerate carboxy] into the fatty acid fraction, and 
also into the sterol, is very small and of the same magnitude. On the other 
hand, the introduction of the methyl] carbons into ergosterol is significantly 
greater. Isovalerate terminal methyl (C"*) utilization is 5 times as great 
for sterol synthesis as it is for fatty acid synthesis. These results are in 
contrast to the results of the acetate experiment, and make it unlikely 
that isovalerate is used by way of acetate in ergosterol synthesis. These 
data are difficult to evaluate quantitatively because the fraction of the 
added isovalerate which was metabolized is unknown. The utilization of 
isovalerate for ergosterol synthesis in the mutant strain of Neurospora pre- 
sumably does not involve conversion of isovalerate to acetate, although our 
experiments have not completely eliminated the possibility that such con- 
version does occur to a small extent. 


TABLE II 
Utilization of Methyl and Carbozryl Carbons of Jei—CH:—C00H 
C3H, 
Fraction cu cu 
c.p.m. atom % excess 
Isovaleric acid, 86.0 mg................... 1.00 X 105 22.8 


If the ergosterol side chain terminal methyl groups arose exclusively from 
isovaleric acid, a considerably higher C"* concentration would be expected 
in the sterol. Although there is significant utilization of the isopropyl 
group, it is unlikely that any moiety of ergosterol is exclusively derived 
from this source. In view of the results obtained in the acetate experiment, 
it appears more probable that an intermediate, perhaps with an isopropyl 
group, also derivable from isovaleric acid, is normally formed during the 
conversion of acetate to ergosterol. Inasmuch as Little and Bloch (6) 
have recently shown that acetate methyl may serve as a source for the 
terminal methyl groups of the cholesterol side chain, a logical assumption 
is that the isovalerate carbon was appreciably diluted with carbon from 
some other source, probably acetate. 


SUMMARY 


1. In Neurospora, acetate is the source of over 90 per cent of the carbon 
atoms of ergosterol and of an almost equally high percentage of fatty acid 
carbon. 


l- 


eid 


OTTKE, TATUM, ZABIN, AND BLOCH 433 


2. The observed acetate methyl-carboxyl ratio in ergosterol indicates 
the incorporation of fifteen methyls and thirteen carboxyls, or fourteen 
methyls and fourteen carboxyls, if acetate is the sole carbon source for 
sterol synthesis. 

3. The methy] carbons of isovaleric acid participate to a small but sig- 
nificant extent in ergosterol synthesis in Neurospora. 
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THE INCORPORATION OF C-OROTIC ACID INTO NUCLEIC 
ACID PYRIMIDINES IN VITRO* 


By LAWRENCE L. WEED{ ano D. WRIGHT WILSON 


(From the Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, November 15, 1950) 


The incorporation in vivo of compounds labeled with N** or C™ into the 
purines and pyrimidines of nucleic acid has been repeatedly demonstrated 
(e.g. (1-3)). We wish to report observations on the incorporation of radio- 
active orotic acid in vitro into the pyrimidines of the nucleic acid of rat 
liver slices. It is believed that this procedure will readily permit the study 
of precursors of nucleic acid and other phases of nucleic acid metabolism. 
It may possibly provide an objective approach to the study of nucleic 
acid metabolism in tumors. 


Methods 


A. Incubation—6 to 8 gm. of liver were obtained from a single adult rat 
of the Wistar strain, sliced with a Stadie slicer and suspended in 20 ml. of 
Krebs’ saline with added phosphate buffer at pH 7.4. 4 to 10 mg. of radio- 
active orotic acid with a specific activity of 26,000 c.p.m. per mg. were 
placed in the medium and incubated at 38° for 4 hours in the presence of 
a 95 per cent O.-5 per cent CO, gas mixture. 

B, Lipide Extracttion—After incubation, the liver slices were washed 
by decantation several times with distilled water and homogenized, and 
the proteins precipitated with an equal volume of 10 per cent trichloro- 
acetic acid. The residue was heated in 30 to 50 ml. portions of a 3:1 
alcohol and ether mixture for 5 minute periods until the supernatant fol- 
lowing centrifugation was colorless and clear (usually three to four times). 

(". Extraction of Nucleic Actd—In Method 1, the residue from (B) was 
heated for 15 minutes in 15 to 20 ml. of 5 per cent trichloroacetic acid at 
90° as described by Schneider (4). Following filtration, 0.75 to 1 ml. of 
1 x HCl was added and the supernatant fluid was evaporated to a volume 
of 0.75 to 1 ml. on a water bath. In Method 2, the residue from (B) was 
placed in 15 ml. of 10 per cent NaCl and heated on a water bath for 24 


* Aided by a grant from the American Cancer Society administered by the Com- 
mittee on Growth of the National Research Council. The C' was received on allo- 
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t Postdoctoral Research Fellow of the United States Atomic Energy Commis- 
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hours with constant stirring. The solution was filtered and the nucleic 
acid was precipitated by adding 2.5 volumes of absolute alcohol. After the 
solution was allowed to stand in the cold room for 24 hours, the precipitate 
was centrifuged, washed with absolute alcohol and ether, dried in a desic- 
cator, and weighed. 

D. Hydrolysis of Nucleic Acid—The solution from Method 1 in (C) or 
the nucleic acid from Method 2, to which was added 1 ml. of 1 N HCl, was 
heated for 1 hour in a boiling water bath. This results in a solution con- 
taining the free purine bases and intact pyrimidine nucleotides. 

E. Separation of Components in Hydrolysate—In Method 1, about 0.08 
ml. of the hydrolysate was placed in a band near the base of each of four 
strips of Whatman No. 1 filter paper, 12 em. wide and 40 cm. long, and 
allowed to dry. These were set up as ascending columns in a 70 per cent 
solution of tertiary butyl alcohol (in water), made 0.8 nN with HCl as sug- 
gested by Smith and Markham (5), and run for 48 hours. The bands 
that formed were easily outlined when exposed to an ultraviolet Minera- 
light lamp which emits most of its light in the region of the spectrum where 
purines and pyrimidines absorb to the maximum extent. The bands in 
order from the solvent front down were uridylic acid, cytidylic acid, 
adenine, guanine. In every case the bands were cut out, eluted separately 
with 0.01 Nn HCl, and read in the Beckman spectrophotometer against a 
blank which was an eluate from the corresponding region of a blank paper 
which had been run in the same solvent. In spite of purification and dis- 
tillation of the alcohol, small amounts of impurities were concentrated 
chromatographically at different regions of the paper. Although light 
absorption by such bands was usually negligible, the use of such blanks 
was desirable for the best results. The wave-length at which maximum 
absorption occurred was determined (262 my for uridylic acid, 278 for cyti- 
dylic acid, 262 for adenine, and 248 for guanine) along with a reading at 
300 my (310 for cytidylic acid). The difference between the two readings 
was noted, and, by establishment of similar readings on standard solutions 
and application of Beer’s law, the amount of the compound was determined. 
The standard solutions were corrected according to the molecular extinction 
coefficients of uridylic and cytidylic acids published by Ploeser and Loring 
(6). In order to determine purity, a ratio of the Beckman reading at 278 
my to the reading at 262 my was used for uridylic and cytidylic acids and 
adenine. A small amount of contamination of one with the other or with 
other substances which absorb in these regions results in a change in the 
ratio, although the maxima may not be significantly altered unless con- 
tamination is marked. Similar ratios were used for adenine and guanine, 
with their respective maxima. 

In Method 2, the hydrolysate from (D) was brought to pH 8 with n 
sodium hydroxide, the precipitated guanine was removed by centrifugation, 
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and the remaining mixture poured on Dowex-1, 300 to 400 mesh, an anion 
exchange resin, as employed by Cohn (7). The adenine was washed off the 
resin with water, the cytidylic acid eluted with 0.002 n HCl, and the 
uridylic acid with 0.01 n HCl. 5 or 10 ml. of portions of the eluates were 
examined for purity and the quantities of the bases determined in the 
spectrophotometer. 

Method 3, is a combination of Methods 1 and 2. The hydrolysate was 
first run on paper; then each band was cut out, eluted, and run separately 
on a resin column. Only that material which came off the resin at the 
proper pH and gave the proper ratio was studied further. This, as will 
be pointed out later, eliminates possible contamination with the highly 
radioactive orotic acid. 


TaBLeE | 
Chromatographic Recoveries of Uridylic and Cytidylic Acids, with Ratios 
Indicating Purity 


Experiment Substance Amount used Sam Ratiot 
Y 

1 Uridylic acid 79 76 0.46 

| Cytidylic acid 82 80 1.64 

2 | Uridylic acid 79 78 0.46 

Cytidylic acid 82 82 1.63 


*In Experiment 1, solutions of known amounts of substances were run on 
single papers, producing single bands which were eluted; the substances were de- 
termined quantitatively. In Experiment 2, a mixture of known amounts of uridylic 
and cytidylic acids was run on a single paper, producing two separate bands which 
were eluted separately; the substances were determined quantitatively. 

t Reading at 278 my divided by the reading at 262 my. 


F. Counting—The eluate from paper and resin was evaporated to dryness 
in a small evaporating dish on a water bath. The residue was quantita- 
tively transferred with a few drops of water to a counting disk which was 
dried and then counted in a windowless counter. Sufficient counts were 
made to reduce the statistical error of counting to less than 5 per cent. 

Materials—Orotic acid labeled in position 2 was synthesized according 
to the method of Nyc and Mitchell (8) from cyanate which was made from 
radioactive NaCN (9). A small amount of 4-labeled! orotic acid was also 
used. 


Results 


Table I, Experiment 1, shows the recoveries of uridylic and cytidylic 
acids when known amounts were placed on separate papers. Single bands 


' We are using the numbering recommended by the American Chemical] Society. 
This material was kindly furnished by Dr. Mary P. Edmonds. 
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were produced which were eluted and studied spectrophotometrically. 
Experiment 2 shows the separation and recovery of known amounts of 
uridylic and cytidylic acids when they were mixed together and run on a 
single paper. Two separate bands were produced which were eluted and 
examined spectrophotometrically. The ratios of absorptions at 278 mu 
and 262 my indicate excellent purity. One may conclude that uridylic 
and cytidylic acids may be separated well and recovered almost quantita- 
tively. 

The following experiment was performed to determine whether orotic 
and uridylic acids could be separated by paper chromatography. Orotic 
acid was run alone on a single strip of paper and uridylic acid was run 
alone on another similar paper (called the guide strip) in the same solvent 
and the same container at the same time. The paper containing the 


TABLE II 
Separation of Uridylic and Cytidylic Acids from Radioactive Orotic Acid 
Experiment No. Acid Actual count per min. 
1 Uridylic 17 
Orotic 31,400 
Cytidylic 26, 700 
2 Uridylic 5 
Orotic 656 
3* Uridylic 23 
Orotic 618 
Cytidylic 4 


* The cytidylic acid was removed from paper and run through a resin column 
before the radioactivity was determined. 


orotic acid was observed under the Mineralight lamp and the orotic acid 
region was marked. On the same paper, the uridylic acid region was 
marked out from the guide strip. The uridylic and orotic acid regions 
were cut out, the compound was eluted, and the quantity in each region 
determined with the spectrophotometer. The eluate from the orotic acid 
region showed an extinction of 0.278 and that from the uridylic acid region 
0.002 at 278 mu. One may conclude that orotic and uridylic acids may be 
separated by paper chromatography. 

The separation of the pyrimidine nucleotides from orotic acid was studied 
by using radioactive orotic acid with the inactive nucleotides (see Table 11). 
It is to be noted that a test of radioactivity is far more sensitive than 
absorptions based on spectrophotometric readings. Experiment 1 demon- 
strates that uridylic acid in quantities comparable to those obtained in the 
experiments with slices may be separated by paper chromatography from 
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a large amount of orotic acid. The counts in the uridylic acid were less 
than 0.1 per cent of those in the orotic acid. The cytidylic acid was heavily 
contaminated by orotic acid owing to streaking. Experiment 2 shows 
again that the uridylic acid may be separated practically entirely from 
orotic acid. In Experiment 3, the uridylic acid region was only slightly 
contaminated with orotic acid. The cytidylic acid was eluted from the 
paper and transferred to a resin column on which it was freed practically 
completely from orotic acid. 

Orotic acid was found to require 0.01 N HCl for elution from the resin 
column. This is the same strength of acid required for eluting uridylic 
acid. However, no orotic acid was eluted with 0.002 Nn HCl, which is used 
for eluting cytidylic acid. It was thus possible to separate uridylic and 


TaBLeE III 


Specific Activities of Pyrimidine Nucleotides and Purines of Nucleic Acid 
from Rat Liver Slices after Incubation with 4 Mg. of Orotic Acid-2-C™ 


Part Substance Amount a Free base 
Y c.p.m. per mg. 

A* Uridylic acid 518 112 629 
Cytidylic acid 978 57 170 
Adenine 232 0 0 
Guanine 284 0 0 

Bt Uridylic acid 1742 312 522 
Cytidylic acid 1975 112 166 


* Separation with paper, followed by resin eccnouunn of each band. 
t Separation on resin alone. 


orotic acids with paper and to separate cytidylic and orotic acids with the 
resin column. 

Table III gives data obtained from an experiment in which liver slices 
were incubated with 4 mg. of orotic acid-2-C%. The hydrolysate was 
divided into two parts; one part was run first on paper and then on the 
resin, and the second part was run on resin alone. The results by the two 
procedures are in suitable agreement. ‘The data show that the radioactiv- 
ity of orotic acid is incorporated into uridylic and cytidyliec acids. Orotic 
acid is not converted into the purines of nucleic acid. Eight similar 
experiments confirming these results have been carried out. 

Table IV shows that, when slices of a rat Walker carcinoma 256 were 
allowed to digest with radioactive orotic acid, there was incorporation of 
radioactivity into the pyrimidine nucleotides and not into the purines. 
Two other experiments confirm these results. 

To demonstrate that the radioactivity was present in the pyrimidine 
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bases of the nucleotides, as would be expected from previous work, the 
pyrimidines were isolated in three experiments. Hydrolysis of the nucleo- 
tides was carried out by heating for 1 hour at 130° with 0.5 ml. of 60 per 
cent perchloric acid. Most of the HClO, was removed by adding KOH. 
The resulting brown alkaline solution was placed on an anion exchange 
column (Dowex-1). Uracil was easily washed off with water (0.01 n HCl 
is required to remove uridylic acid) and gave the absorption maximum of 
259 my. All of the radioactivity of the nucleotide was found in the ura- 
cil in two experiments. Radioactivity was found in a sample of isolated 
cytosine (absorption maximum 274 my). 


TaBLeE IV 
Specific Activities of Pyrimidine Nucleotides and Purines from Nucleic 
Acid of Rat Walker Carcinoma 256 Slices Incubated with 
10 Mg. of Orotic Acid-2-C'* 


Substance* Amount Free base 
c.p.m. per mg. 


* Separation with paper, followed by resin purification of each band. 


DISCUSSION 


Both types of orotic acid, 2-C'*-labeled and 4-C'*-labeled, may be con- 
verted into the pyrimidines of nucleic acid by incubation with slices of rat 
liver. ‘These two different preparations of orotic acid were studied in order 
to determine whether the ring of the 2-labeled orotic acid opened up and 
the carbon of the ureide group became labile and equilibrated with the CO, 
of the tissue before the ring closed again. An experiment with orotic acid 
labeled in position 4 has already been reported (10). From the data we 
can conclude that orotic acid-4-C and orotic acid-2-C™ were incorporated 
into pyrimidines, but the possibility of the ring opening and some exchange 
taking place has not been ruled out. 

The system seems satisfactory for studying other possible precursors of 
the purine and pyrimidine rings. We are now carrying out some such 
studies. 

Orotic acid itself was not an appreciable contaminant of the pyrimidine 
nucleotides, even before they were finally isolated. ‘There were three 
places where it would be washed out. ‘The tissue slices were washed three 
times with water at the end of the digestion, the slices centrifuged, and the 
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supernatant liquids discarded. Later, after homogenizing the tissue, the 
proteins were precipitated with trichloroacetic acid and the supernatant 
liauid was discarded. Still later the NaCl extract was precipitated by 
alcohol and the supernatant liquid was discarded. These steps should 
remove practically all of the free orotic acid. That none was present when 
the final separations were made is indicated by the fact that the radio- 
activity in the uridylic acid was the same when paper and resin were used 
as when resin alone was used. In the latter case the orotic acid, if any 
were present, would be eluted with the uridylic acid, which would then show 
far too great radioactivity and would have an inaccurate ratio of spectro- 
photometric readings. 

The thymidylic acid present in the above systems has thus far not been 
discussed. On paper, thymidylic acid produces two bands, one at the 
top of the paper and another in the uridylic region. On the resin the latter 
is eluted with the uridylic acid. In liver there is a preponderance of ribonu- 
cleic acid and the small quantity of thymidylic acid in the uridylic region 
has been ignored. Experiments are now under way in which the ribo- 
nucleic acid is being separated from the desoxyribonucleic acid which 
contains the thymidylic acid and incorporation of orotic and formic acids 
into the two types evaluated. 

The results with tumor slices suggest a highly active system which would 
lend itself to the testing of various inhibitors and stimulants. Human 
tumors are being taken directly from the operating room and subjected 
to these methods. The biochemical results will be correlated with histo- 
logical studies. 


We wish to thank Mrs. Oveida E. Mayo and Mrs. Natalie G. Aust for 
their valuable technical assistance. 


SUMMARY 


Uridylic and cytidylic acids were separated and recovered quantitatively 
by paper chromatography. Both were separated from orotic acid by a 
combination of paper chromatography and ion exchange. 

Orotic acid labeled in position 2 or 4 with C'™ was incorporated into the 
pyrimidines of the nucleic acid in slices of rat liver. 

Slices of Walker carcinoma 256 from rats incorporated orotic acid into 
the pyrimidines of the nucleic acid and not into the purines. 


BIBLIOGRAPHY 


1. Barnes, F. W., Jr., and Schoenheimer, R., J. Biol. Chem., 161, 123 (1943). 
2. Arvidson, H., Eliasson, N. A., Hammarsten, E., Reichard, P., von Ubisch, H., 
and Bergstrom, 8., J. Biol. Chem., 179, 169 (1949), 


| 


442 RADIOACTIVE OROTIC ACID 


— 


OOO 


. Elwyn, D., and Sprinson, D. B., J. Am. Chem. Soc., 72, 3317 (1950). 

. Schneider, W. C., J. Biol. Chem., 161, 293 (1945). 

. Smith, J. D., and Markham, R., Biochem. J., 46, 509 (1950). 

. Ploeser, J. M., and Loring, H.8., J. Biol. Chem., 178, 431 (1949). 

. Cohn, W. E., J. Am. Chem. Soc., 72, 1471 (1950). 

. Nyc, J. F., and Mitchell, H. K., J. Am. Chem. Soc., 69, 1382 (1947). 

. Gall, H., and Lehmann, E., Ber. chem. Ges., 61, 675 (1928). 

. Weed, L. L., Edmonds, M. P., and Wilson, D. W., Proc. Soc. Exp. Biol. and 


Med., 75, 192 (1950). 


fe 
\ 
t 
t 
t 


EXCRETION IN REPTILES 
IV. NITROGENOUS CONSTITUENTS OF THE EXCRETA OF LIZARDS 
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(From the Department of Zoology, Faculty of Science, 
Fouad Ist University, Cairo, Egypt) 


(Received for publication, August 21, 1950) 


It was pointed out previously (1) that no differences could be found 
between the main nitrogenous constituents of the excreta of oviparous and 
viviparous snakes. The present work was undertaken to determine 
whether the same condition prevails among lizards. 


Material and Methods 


Scincus officinalis Laur and Chalcides ocellatus Forskal were chosen as 
representatives of oviparous and viviparous lizards, respectively. Both 
lizards excrete their urinary constituents in the form of dry, hard concre- 
tions. ‘The material employed in the present work was collected, during 
the summer, from twenty healthy lizards of each species. The procedure 
followed in the present investigation is the same as that outlined in Paper 
II of this series (2). 


RESULTS AND DISCUSSION 


The results of the analysis are shown in Table I. Data recorded in the 
present work on the excretory products of S. officinalis are in accord with 
those for Lacerta viridis (3). It is noteworthy that the nitrogenous ex- 
cretory products of the viviparous and oviparous lizards are, for the most 
part, similar. The presence of uric acid as the main nitrogenous excretory 
product in the viviparous lizard, as well as in the viviparous snake (1), 
represents, as pointed out before (1), an exception to the generalization of 
Needham (4) in regard to nitrogen excretion in animals. Later Needham 
(5) predicted the results of the present work. He based his prediction on 
the assumption that the most primitive reptiles were oviparous and there- 
fore, according to his generalization (4), uricotelic. He considered that 
viviparity in reptiles had arisen late in evolution and had supervened upon 
uricotelic metabolism after the latter had become so fixed that its loss was 
impossible. But since uricotelic metabolism was found to be correlated 
with oviparity in the majority of known cases, Needham (5) was inclined 
to consider cases of uricotelic metabolism and viviparity as rare excep- 
tions. It is hoped that future investigation of the excretory products of 
the embryos of these animals will throw more light on the subject. 

443 


444 EXCRETION IN REPTILES. IV 


Allantoin is present in the excreta of these lizards, although it was 
completely absent from the urinary concretions of snakes (1, 2). Whether 
allantoin here represents the excretory products of purine metabolism or 
not is to be left for future investigation. ‘The presence of allantoin is 
rather significant, since Przylecki (6) claims the absence of allantoin from 
the urine of lizards. Moreover, Przylecki (7, 8) points out that, in the 
animal kingdom, uricase and uricoligase are never found together. This 
contradiction between the present finding and the assumption of Przylecki 
will be cleared up once work on the presence of the enzyme uricase in the 
tissues of these lizards is complete. 


TaBLeE I 
Nitrogenous Constituents in Urinary Concretions 


| Scincus officinalis Chalcides ocellatus 
Constituents N partition, N partition, 
N per gm. | percent of | N per gm. | per cent of 
excreta total N excreta total N 
excreted excreted 
mg. meg 
water-soluble portion......... 85.5 28.7 90.2 33.0 
«water-insoluble portion........| 212.4 71.3 183.1 67.0 
Ammonia in water-soluble. portion......... 8.8 2.95 | None None 
Urea in water-soluble portion............| None None 
Uric’acid in water-soluble portion.........| 65.5 21.99 | 75.0 27.44 
Amino acids in water- onan portion . ages 2.0 0.67 6.8 2.49 
Creatinine 0.2 0.07 0.3 0.11 
Creatine in water-soluble portion.......... 0.9 0.30 3.2 1.17 
Allantoin ‘‘ 8.1 2.72 4.3 1.57 
Uric acid in LiOH solution. 70.50 | 180.8 66.15 
Other purine bases in whole deposit, ee 1.8 | 0.60 | 0.9 0.33 
Hippuric acid in whole deposit........ | None | None 0.4 0.15 


SUMMARY 


1. Scincus officinalis and Chalcides ocellatus were chosen as representa- 
tives of oviparous and viviparous lizards, respectively. Both lizards ex- 
crete their urinary constituents in the form of dry, hard concretions. 
There is no fluid urine. 

2. The nitrogenous products of the excreta of the viviparous lizard are, 
for the most part, similar to those of the oviparous species. Uric acid 
nitrogen represents 93.6 and 92.5 per cent, respectively, of the total ni- 
trogen excreted. A part of the uric acid is excreted, in both animals, in a 
water-soluble form. 

3. Allantoin is present in the excreta of both lizards. 

4. Urea is absent. 


4 


Wh 


F. KHALIL 


BIBLIOGRAPHY 


. Khalil, F., J. Biol. Chem., 172, 105 (1948). 

. Khalil, F., J. Biol. Chem., 172, 101 (1948). 

. von Schreiber, K., Ann. Physiol., 18, 83 (1813). 

. Needham, J., Chemical embryology, 2, Cambridge (1931). 
. Needham, J., Biochemistry and morphogenesis, Cambridge (1942). 
. Przylecki, S. J., Arch. internat. physiol., 24, 317 (1925). 
. Przylecki, S. J., Arch. internat. physiol., 26, 33 (1926). 
. Przylecki, 8. J., Arch. internat. physiol., 27, 159 (1926). 


4 


445 


With 
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The enzymatic synthesis of the anilides of N-acylated amino acids by 
papain and other proteinases was first described by Bergmann and 
Fraenkel-Conrat (1) in 1937. They synthesized anilides of the N-acyl 
derivatives of glycine, leucine, and phenylalanine and were able to show 
that, in the case of benzoyl-pL-leucine, synthesis of the L-anilide proceeded 
almost to the exclusion of the formation of any p-anilide. Subsequent 
papers by Bergmann’s group (2-6) extended this principle to the forma- 
tion of peptide anilides and the resolution of phenylalanine and glutamic 
acid. They also showed that small amounts of p-anilides could be formed 
under the proper conditions (6). Niemann and Rapport (7) made use of 
this principle in 1946 to separate fluoro-pL-tyrosine derivatives. Re- 
cently, in 1948, Dekker and Fruton (8) reported the resolution of pL- 
methionine and in 1949 Hanson and Smith (9) reported the resolution of 
pL-tryptophan by methods similar to the one described in this paper. In 
1950 Fox and Pettinga (10) reported studies on some factors influencing 
papain-catalyzed anilide synthesis. 

At the time this study was initiated by one of us (1946), full utilization 
of the capabilities of this method for the resolution of all available pL- 
amino acids had not been realized. This investigation was undertaken in 
an attempt to extend the method of resolution by asymmetric enzymatic 
synthesis to all the available synthetic pL-amino acids and, if possible, to 
establish one set of standard conditions for all. This aim has been real- 
ized for pDL-alanine, pi-leucine, pDL-isoleucine, Di-norleucine, DL-valine, 
pL-lysine, DL-methionine, pDL-serine, DL-threonine, and p.i-phenylalanine. 
L-Anilides were obtained from pL-tyrosine and pL-tryptophan in quantita- 
tive yields, but the free amino acids were not isolated. | 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Taken in part from theses submitted to the faculty of the Grad- 
uate School of the University of Wisconsin in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy by David G. Doherty, June, 1948, and by 
Kdwin A. Popenoe, Jr., June, 1950. ‘Supported in part by the Research Committee 
of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation. 

t Junior Fellow, National Institutes of Health, 1946-48. Present address, Biol- 
ogy Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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Papain was selected for these resolutions because of its ready availa- 
bility and its broad specificity requirements, although other proteinases of 
the same class may be used. The general reaction was to couple an 
N-acylated pL-amino acid with aniline in the presence of papain to form 
an insoluble N-acyl-L-amino acid anilide. Conditions such as enzyme 
concentration and acyl group and buffer concentration had to be ar- 
ranged so that this synthesis became nearly quantitative. The crystal- 
line L-anilide was then filtered off and the N-acyl-p-amino acid remaining 
in the filtrate was recovered by acidification, evaporation in vacuo, and 
extraction with alcohol. Hydrolysis of these two compounds yielded 
respectively the pure L- and D-amino acids in good yields. It was possible 
in every case to select an N-acyl-pL-amino acid which would have its L 
component quantitatively synthesized into the L-anilide. Occasionally it 
was possible to isolate small amounts of pure p-anilide after prolonged 
incubation. | 

The optimum conditions, described in the experimental section, of 
enzyme concentration, activator and activator concentration, and tem- 
perature and substrate concentration for rapid synthesis were determined 
by a series of model experiments on easily synthesized amino acid anilides 
such as hippurylanilide, acetyl-L-phenylalanylglycine anilide, and acetyl- 
t-norleucine anilide. The extent of synthesis was followed both by titra- 
tion of aliquots with base and by isolation of the synthesized anilide. The 
conditions previously mentioned were varied one at a time and the rates 
of synthesis determined. Increasing the enzyme concentration over 4 mg. 
of protein nitrogen per ml. of reaction mixture had little effect on the rate 
of synthesis. In the case of the readily synthesized anilides, it was not 
strictly necessary to use such high enzyme concentrations. However, in 
the interest of simplification the standard set of conditions presented in 
the experimental section was used for all the syntheses reported in this 
paper. 

Crude papain was fractionated by two different procedures, precipita- 
tion by methanol saturated with hydrogen sulfide (11) and precipitation 
by cold isopropyl alcohol (12), and the activity of the purified prepara- 
tions was compared with that of the crude enzyme. It was found that 
the activity per mg. of protein nitrogen was approximately one-third 
greater for the crude enzyme than for either of the purified preparations; 
possibly some natural stabilizer may have been eliminated during the 
purification. 

Four activators (hydrogen sulfide, potassium cyanide, cysteine hydro- 
chloride, and thioglycolic acid) were tested for their effects on the model 
systems. Potassium cyanide and cysteine hydrochloride were found to be 
the most effective for promoting anilide synthesis. Potassium cyanide 
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possessed an advantage over the traditional cysteine in that no additional 
amino acid was introduced to complicate the isolation of a pure prod ct. 
It was therefore adopted for use in these resolutions. ‘The composition 
of the buffer mixture was arrived at empirically. As air hastens inactiva- 
tion of the papain, the tightly stoppered reaction flasks were filled as 
completely as possible or the air was displaced with an inert gas. When 
the synthesis was attempted at 50°, inactivation of the enzyme was rapid 
and dark colored products were formed by the action of the aniline. Be- 
cause the reaction proceeded rather slowly at room temperature, all 
syntheses were carried out at 37°. 

One of the most important variable factors in the enzymatic synthesis 
of the anilides is the nature of the N-acyl-pL-amino acid. The process 
involves a compromise in solubilities as the N-acyl-pL acid must be soluble 
in the buffer mixture, yet the N-acyl-L-amino acid anilide must be spar- 
ingly soluble if the reaction is to proceed to completion. The nature of 
the acyl group controls the solubility of the N-acyl-pL-amino acid and the 
corresponding anilide, and, as might be expected, the more soluble amino 
acids require more insoluble acyl groups. Some N-acyl-pL-amino acids 
such as benzoyl-pL-isoleucine, carbobenzoxy-DL-isoleucine, and dibenzoyl- 
pL-lysine are insufficiently soluble, and in these cases either the anilide 
formed was composed of nearly equal amounts of N-acyl-L- and p-amino 
acid, or none was synthesized and no resolution was obtained. Accord- 
ingly, various DL-amino acid derivatives were prepared containing the fol- 
lowing groups: formyl, acetyl, propionyl, n-butyryl, isobutyryl, n-caproyl, 
isocaproyl, caprylyl, benzoyl, and carbobenzoxy. These derivatives were 
subjected to enzymatic synthesis under the previously defined conditions 
and the extent of synthesis was determined without regard to time. The 
results of these tests are presented in Table I as per cent synthesis of the 
L-anilide. An inspection of Table I shows that the acetyl group was suc- 
cessful only with the less soluble amino acids, methionine, phenylalanine, 
norleucine, and tyrosine. The most complete study was made with iso- 
leucine. There the yield of anilide increased regularly with decreasing 
solubility from 10 per cent with the acetyl derivative to 100 per cent with 
the isobutyryl and n-caproyl. The benzoyl and carbobenzoxy derivatives 
were very insoluble, yielded anilides which were almost completely ra- 
cemic, and gave racemic amino acids on hydrolysis and isolation. In one 
case, in attempting to resolve benzoyl-pL-isoleucine, an anilide was isolated 
which showed no rotation and melted sharply at 219°. This was appar- 
ently benzoyl-pL-isoleucine anilide. (Calculated N 9.0 per cent, found 
8.7 per cent.) Synthesis of p-anilides and phenylhydrazides has also been 
reported by other workers (6, 13-15). 

Insolubility of the N-acyl-pL-amino acid was also responsible for the 
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low yields of dicarbobenzoxy-t-lysine anilide, dibenzoyl-L-lysine anilide, 
and carbobenzoxy-L-valine anilide. (It is noteworthy that, although un- 
der the present conditions dicarbobenzoxy-L-lysine anilide was synthesized 
only to the extent of 5 per cent of the theory, pL-lysine was successfully 
resolved through this route by Borsook et al. (16), using different reaction 
conditions.) Attempts to find a suitable acyl group for the glutamic and 
aspartic acids were not successful. The aliphatic acyl derivatives of these 
amino acids were extremely difficult to obtain in a crystalline state. 
Whether crystalline or not, either they gave very low yields of anilides or 
the anilides formed were mixtures of the L and p antipodes. 


TABLE I 
Synthesis by Papain of t-Anilides from Acylated Amino Acids 
The values are given in per cent. 


Amino acid Benzoy! Carbo- Acetyl Isobu- Others 


benzoxy tyryl | roy 
pu-Isoleucine...............! 10} 100! 100 | Propionyl, 60; 
n-butyryl, 50 
CEE | 95 60 | 95 Propionyl, 80 
pL-Lysine (diacyl)........... 5 0 | 100. 100 60; n- 
| butyryl, 95; iso- 
| caproyl, 100 
eS re 95 95 90 | 100 | 100 
pi-Norleucine.............. 100 | 100 
pL-Phenylalanine........ ..| 90 100 | 100 | 100 
Dir Thveomine............. 60 Isocaproyl, 86; n- 
| ) | caprylyl, 100 
Di- Tryptophan ............. 90 
pi-Tyrosine (N-monoacyl)... | 100 | 
10000 20 10 80 93 | Isocaproyl, 90 


The time of incubation for the different acyl derivatives varied widely, 
being fairly critical for the most rapid syntheses. For the isolation of 
pure L-amino acids it was found advisable to filter off the anilide after 
about 90 per cent of the L form had been synthesized. The optimum 
time intervals for good separation, under the conditions previously de- 
scribed, are indicated in Table II for the most suitable N-acyl-amino 
acids. The anilide filtrate was then reincubated to allow the remainder 
of the t-anilide and occasionally some p-anilide to separate before an 
attempt was made to isolate the p-amino acid left in solution. When the 
specific rotation of the later fractions was essentially the same, they were 
added to the first fraction. Most of the anilides formed a thick mass of 
fine needles which occluded small amounts of protein that could not be 
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removed by washing. However, recrystallization of the anilide from al- 
cohol or ethyl acetate removed this impurity. 

The pure anilides were hydrolyzed with 20 per cent hydrochloric acid, 
and after hydrolysis as much acid as possible was removed by evaporation 
in vacuo. The free amino acid was then isolated either by neutralization 
with ammonia or pyridine or by use of an ion exchange resin. The latter 
method proved much superior, yielding salt-free solutions of the amino 
acids, and was adopted for this work. The yields of amino acids were 
also substantially greater. The resin was used either in the “‘batch’’ proc- 


TaBLeE II 


Recommended Acyl Group and Incubation Time for Quantitative Synthesis of 
L-Anitlides by Papain 


Amino acid | Acyl group | Time 
| Carbobenzoxy | 4.« 
Di-n-caproyl 
n-Caproyl | 24 hrs. 
Isobutyry] 24 
Acetyl 4 days 
Isobutyry] | 24 hrs. 
| Caprylyl | 
| n-Caproy! | 


ess or in a column. For the batch process, a large quantity of resin was 
stirred with the amino acid hydrochloride solution until the isoelectric 
point of the amino acid was reached and then the resin was filtered off. 
The column proved to be much faster and more convenient to use and so 
a description of it is included in the experimental section. The eluate 
from the column was evaporated to dryness tn vacuo and the free amino 
acid recrystallized according to the recommendations of Dunn and Rock- 
land (17). Table III indicates the over-all yields of optically active amino 
acids obtained by this process. Isolation of the pure p-amino acids from 
the anilide filtrate in good yields was more difficult. Since the protein 
could not be coagulated by heat in this mixture, the filtrate was acidified 
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to Congo red, evaporated to dryness in vacuo, and the N-acyl-p-amino 
acid extracted with hot absolute alcohol. Addition of water to this solu- 
tion gave crystalline N-acyl-p-amino acids in the case of acetyltryptophan, 
carbobenzoxyserine, benzoylvaline, carbobenzoxyalanine, acetyltyrosine, 
and isobutyrylisoleucine. These compounds could then be recrystallized 
and hydrolyzed in the usual manner and the pure p-amino acids obtained. 
The syrupy residue obtained after evaporation of the alcohol solu- 


TaBLeE III 
Amino Acids Isolated by Resolution with Papain 
L-Alanine Benzoyl 74 [a]? +13.6° (c 10,6 nN HCl) +14.5 
L-Isoleucine | Isobutyryl| 74 | [a]*4 +40.6° 5,6 ) +40.6 
L-Leucine “ 70 | +15.0° 4.5 HCl) +13.9 
L-Methionine 71 | [a]*4 +93.5° 5,3 HCl) +23.4 
L-Norleucine | Acetyl 67 [a]?4 (* +21.3f 
as Isobutyryl | 60 | +24.8° ( 4,6 ) 
L-Phenylal- 64 —35.3° 2, water) —35.1 
anine 
L-Serine Carbobenz-| 63 | +13.4° 6 HCl) +14.5 
oxy (1 n HCl) 
L-Lysine Diiso- 57 | [a]*4 +20.5° 3,66 ) +20.6t 
monohydro-| butyryl 
chloride | 
L-Threonine | Caprylyl 72 —28.4° (** 1, water) — 
p-Alanine Benzoyl | 60§ | [a]?® —15.4° (10, 3 HCl) 
p-Methionine | Acety] | [a]**# -24.5° | —98.4 


* From Dunn and Rockland (17), except as noted. 

+ From Fischer and Hagenbach (18). 

{ Calculated from the value given by Dunn and Rockland (17) for L-lysine. 
§ Calculated from benzoy]-p-alanine. 

|| Calculated from acetyl-pL-methionine. 


tion could also be hydrolyzed and the p-amino acid obtained, although the 
purity was not always as high as in the previous case. 


EXPERIMENTAL 


Enzyme Solution—20 gm. of dried papaya latex! were ground to a pow- 
der and mixed with 1 gm. of potassium cyanide, 40 ml. of 0.1 m citrate 


‘The papaya latex used in these experiments was generously supplied by the 
Wallerstein Laboratories, 180 Madison Avenue, New York. 
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buffer, pH 4.9, and 60 ml. of water. The pH of the resulting mixture 
was brought to 5.0 + 0.1 by the addition of glacial acetic acid and the 
mixture stirred for 1 hour to extract the active enzyme. The suspension 
was filtered by suction through a layer of Hyflo on a large suction funnel 
and the filtrate made up to 100 ml. with water. This enzyme solution 
contained 10.6 mg. of protein nitrogen per ml. and was used for all the 
anilide syntheses. 

General Procedure for Synthesis of N-Acyl-t-Amino Acid Anilides—A 
mixture of 0.1 mole of the N-acylated amino acid, 30 ml. of 0.1 m citrate 
buffer, pH 4.9, 30 ml. of 1 N sodium hydroxide, 54 ml. of 2 N sodium ace- 
tate, and 9.1 ml. of redistilled aniline in a 250 ml. Erlenmeyer flask was 
warmed on a steam bath to effect solution. The pH of the mixture was 
adjusted to 5.0 + 0.1 when necessary. The mixture was then brought to 
45°, 100 ml. of the enzyme solution at room temperature were added, and 
the flask was filled to the top with water and tightly stoppered. The 
temperature at this point was approximately 37° and the mixture was 
incubated at this temperature with occasional shaking. At the expiration 
of the time indicated in Table I for the various anilides, the anilide which 
had crystallized out was filtered off, washed with 25 ml. of cold water, 
and the filtrate returned to the incubator to allow the Lt antipode and 
occasionally some of the p antipode to separate as completely as possible. 
The crystalline L-anilide was washed on the funnel with a saturated solu- 
tion of potassium bicarbonate, then with water, and dried. This precipi- 
tate represented from 75 to 90 per cent of the L-amino acid present. All 
of the anilides were recrystallized in the following manner: The crude 
anilide was dissolved in hot absolute ethanol, the flocculent, insoluble 
material removed by filtration, and water was added to turbidity. The 
product was removed by filtration after the mixture had stood overnight 
at 0°. The specific rotations of all the anilides were determined on 5 per 
cent solutions in glacial acetic acid. Further anilide fractions obtained 
after reincubation were added to the main amount if the specific rotation 
was essentially the same. Usually, after 90 per cent of the N-acyl-L-amino 
acid had been removed from solution as L-anilide, a mixture of L- and p- 
anilides was formed with a rotation approaching 0°. In a few isolated 
instances small amounts of p-anilide could be obtained on prolonged 
incubation; for example, carbobenzoxy-p-alanine anilide, m.p. 161-162°, 
[a]22 = +29.8°, and n-caproyl-p-methionine anilide, m.p. 125-126°, 
[a]?° = +43.0°, (c 5, glacial acetic acid). 

The above procedure was used in all but one case, viz. acetyl-pL-me- 
thionine. In this instance 0.2 mole of N-acyl-amino acid and 18.2 ml. of 
aniline were used, other reagents remaining the same. A summary of the 


anilides synthesized and their analytical constants is included in Table 
IV. 
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Isolation of t-Amino Acids—A study of hydrolytic conditions revealed 
that some N-acyl-L-amino acid anilides were appreciably racemized by 
long boiling with 20 per cent hydrochloric acid. The recrystallized N- 
acyl-L-amino acid anilides reported in Table III were hydrolyzed without 
appreciable racemization by refluxing for 4 hours with 20 per cent hydro- 
chloric acid. Milder conditions may be required for the hydrolysis of 
other L-amino acid derivatives. After hydrolysis, the solution was cooled 
in the case of the benzoyl derivatives and the crystalline benzoic acid 
filtered off. The filtrate was evaporated in vacuo to a syrup, water was 
added, and the process repeated two more times in order to remove as 
much hydrochloric acid as possible. The residue was then taken up in 
sufficient water to retain the theoretical amount of free amino acid in 
solution. This solution was then decolorized with Darco and passed 
through an ion exchange column of Amberlite IR-4-B in the hydroxyl 
form at such a rate that the effluent emerged near the isoelectric pH of 
the amino acid. The column was washed with water until the washings 
gave a faint or negative ninhydrin test and the combined effluent was 
treated with Darco and evaporated to dryness in vacuo. The dry free 
amino acid was recrystallized according to the recommendations of Dunn 
and Rockland (17). Whenever directions for pL-amino acids only were 
given by them, two-thirds of the recommended quantities was used for 
the t-amino acids. One such recrystallization usually brought the specific 
rotation to the correct value. 

Two exceptions to the above general procedure were made in the isola- 
tion of L-lysine monohydrochloride and L-phenylalanine. In the former 
case, essentially the procedure of Eck and Marvel (19) was used. 15.1 
gm. of diisobutyryl-L-lysine anilide were hydrolyzed with hydrochloric acid 
and evaporated to dryness in the usual manner. The residue was taken 
up in 50 ml. of hot absolute ethanol and cooled to room temperature, and 
75 ml. of ether were added slowly with stirring. The crystalline dihydro- 
chloride was filtered off, washed with ether, and dried. The yield was 
7.3 gm. (65 per cent). A further 3.5 gm. could be obtained by the addi- 
tion of a large amount of ether to the filtrate. 

The above dihydrochloride (7.3 gm.) was dissolved in 60 ml. of hot 95 
per cent ethanol and a hot solution of 4.2 ml. of pyridine in 10 ml. of al- 
cohol was added slowly with stirring. The L-lysine monohydrochloride 
which separated out was filtered off after a few hours at room temperature, 
washed with 95 per cent ethanol, and dried. 5.5 gm. (90 per cent) of 
pure L-lysine monohydrochloride, [a]*4 = +20.5° (c 2, 6 N HCl), were 
obtained. Dunn and Rockland (17) gave for 1-lysine [a]?? = +25.72° 
(c 1.6, 6.08 n HCl), which corresponds to [a]®” = +20.5° for the monohy- 
drochloride. 


D. G. DOHERTY AND E. A. POPENOBE, JR. 457 


In the case of phenylalanine, advantage was taken of the insolubility of 
the hydrochloride to aid in purification of the amino acid. The 20 per 
cent hydrochloric acid hydrolysate was cooled to 0° overnight and the 
L-phenylalanine hydrochloride filtered off, washed with cold concentrated 
hydrochloric acid, and dried. The free amino acid was obtained by dis- 
solving in water and passing the solution through the ion exchange column 
in the manner described previously. 

Ion Exchange Column—The columns were made in accordance with the 
recommendations of the manufacturer (20). A description of the column 
used for 0.1 mole of amino acid follows. A 38 mm. glass tube 120 cm. 
long was fitted with a stopper and a T-tube at the bottom. A layer of 
glass wool and then 5 cm. of coarse Pyrex sand were added next. Am- 
berlite IR-4-B was added to give a resin bed 66 cm. tall. The resin col- 
umn was continually back-washed with distilled water to classify the col- 
umn and remove extraneous coloring material. The holdback of this 
column, as determined by drainage, was 250 ml. The water level in the 
column was set at 1 cm. above the top of the resin and a piece of filter 
paper was placed across the top of the resin so that the bed would not be 
disturbed by the addition of fluid. 0.1 mole of acetyl-t-norleucine anilide 
was hydrolyzed as previously described, and the residue after evaporation 
made up to 1 liter with water. This solution was placed on the column 
and run through at the rate of 30 ml. per minute. The effluent was col- 
lected in 100 ml. aliquots, the ninhydrin test performed on each one, and 
the pH checked by a glass electrode. The first 250 ml. vielded no color 
with ninhydrin and were discarded. ‘The next liter of effluent represent- 
ing the amino acid solution was collected in one container. The pH re- 
mained close to 6.0. When the amino acid solution was drawn down to 
the top of the resin, distilled water was added carefully so that the resin 
never became dry. The wash water was collected in 100 ml. portions and 
tested separately. The first 300 ml. of wash gave a strong ninhydrin 
test, the next 300 ml. successively fainter tests, and the seventh 100 ml. a 
negative test. Evaporation of the last 400 ml. of wash water tn vacuo 
yielded less than 0.4 gm. of solid. The first 300 ml. of the washing were 
added to this and evaporated to dryness in vacuo. The total residue for 
all the wash water was 0.8 gm. The combined residue and amino acid 
solution were processed as previously described, and 11.9 gm. of L-nor- 
leucine obtained. 

Isolation of p-Amino Acids—The isolation of the pure p-amino acids in 
good yields presented a more difficult problem, as they had to be separated 
from large amounts of salt and protein. Heat coagulation of the protein 
in the anilide filtrate was not successful. Therefore, after the last fraction 
of anilide had been removed, the filtrate was acidified to Congo red and 
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evaporated in vacuo to dryness below 50°. 
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TABLE V 


The dry residue was extracted 
with several portions of hot absolute alcohol to remove the N-acyl-p-amino 
acid. Careful addition of water to the alcoholic solution often brought 


Analytical Data and Physical Constants of Acyl-pi-Amino Acids 


Derivative 


pL-Alanine 


Isobutyryl......... 


pL-Isoleucine 
Isobutyry] 


Propiony!...... 


pL-Leucine 


Isobutyryl....... 
Propiony!........ 


pL-Lysine 


Diisobutyry]... 
Di-n-caproy]... 


pL-Methionine 


Isobutyryl........ 


pL-Norleucine 


Isobutyryl....... 


pi-Phenylalanine 
Isobutyry].. 
n-Caproy] 

pL-Serine 


N-n-Caproyl... 


p.L-Threonine 


N-Isobutyryl]... 


N-Isocaproyl..... 
N-n-Caprylyl.... 


pL-Valine 


Carbobenzoxy*.... 


Isobutyryl 
n-Caproyl..... 


Isocaproy]. 


— 


7 his compound has r 


Composition 


CsHi703N 
CH 


C,H, 


CisH 
CisH 


gO aN 


CyH 


| Mol. wt. 


286.4 
342.5 


219.3 
247.4 


201.2 


235.3 
263.3 


203.2 


189.2 


| 217.2 
| 245.2 


i 


| 


251.3. 
| 187.2 | 


| 215.2 | 


215.2 


Carbon Hydrogen 
| lated | | tated |Found | 
| 
| 
52.8 52.8 8.2 8.5 | 129 -130 
59.6 59.4/9.5 9.4) 176 -177 
57.7 | 57.6 9.2 9.2 | 151.5-153 
59.6 59.7, 9.5 | 9.5 | 127 -128 
| | | | 
59.6 59.3} 9.5 9.5 | 128 -130 
57.7 | 57.5 | 9.2 | 9.2 | 125 -128 
58.7 | 58.7 | 9.2 | 9.3 | 113-114 
63.1 63.4 /10.0 10.2 | 137 ~138.5 
49.3 49.3) 7.8) 7.8 94 -95 
53.5 53.5|8.5 8.6 73 -74.5 
59.6 9.4) 110 -111 
66.6 66.3, 7.3 7.3 | 110.5-112 
68.6 68.7 | 8.0 | 8.3 | 109 -110 
53.2 53.3 8.5) 8.6, 90 -92 
50.8 | 50.5 8.0) 8.1 | 126 -127 
55.4 55.3 8.8/8.9 114 -115 
(58.8 58.8 9.6 9.5 128 -129 
62.2  62.3,6.8|6.8 73 -75 
7.7 57.7 9.2 174 -176 
61.4 61.2 9.8 9.8 | 108 -110 
61.4 61.3 9.8 9.9 118 -119 


ecently been reported by Fox et al. (21). 


about crystallization of the N-acyl-p-amino acid, in which case it was 
filtered off and again recrystallized before hydrolysis. 
tion did not occur, the alcoholic solution was evaporated in vacuo to dry- 
ness and the syrup taken up in ethyl acetate. 


When crystalliza- 


The ethyl] acetate solution 


| 
159.2 
187.2 
201.2 
187.2 
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was washed successively with water, dilute hydrochloric acid, and water, 
and evaporated to a syrup in vacuo. This syrup was then hydrolyzed and 
worked up as described for the L-amino acids. The over-all yields of 
p-amino acids obtained by this procedure were from 50 to 70 per cent, as 
shown in Table III. 

Preparation of N-Acyl-pt-Amino Acids—The new N-acyl derivates of 
the pL-amino acids were all prepared by the same procedure from the 
acid chloride and the sodium salt of the amino acid. The p1t-isoleucine 
used was free from pt-alloisoleucine, according to the manufacturer (Win- 
throp-Stearns Inc.). Microbiological tests, kindly performed by Dr. L. 
M. Henderson of this laboratory, confirmed the purity of the pL-isoleucine 
and the resolved t-isoleucine. In all cases the yields of N-acyl-pL-amino 
acids were better than 90 per cent by this procedure, which will be illus- 
trated by the preparation of isobutyryl-pL-leucine. 26.2 gm. (0.2 mole) 
of pL-leucine were dissolved in 100 ml. of 2 N sodium hydroxide and cooled 
in an ice bath to 0°, and 24 ml. (0.24 mole) of isobutyry] chloride and 120 
ml. of 2 N sodium hydroxide (0.24 mole) were added in small portions 
with vigorous shaking and cooling over a period of 20 minutes. The 
mixture was then carefully acidified to Congo red with concentrated 
hydrochloric acid, when crystalline isobutyryl-pt-leucine precipitated. 
The precipitate was filtered off, washed with cold water, and dried. The 
yield was 40 gm., 98 per cent. All the acylated amino acids could be 
recrystallized from alcohol by the addition of water. Table V lists the 
physical and analytical properties of the new N-acyl-pL-amino acids. 


The authors wish to thank Professor Karl Paul Link for his generous 
support and encouragement and for the use of his well equipped 
laboratory, without which this project could not have been accomplished. 
They also wish to thank Dr. Mark A. Stahmann for his cooperation 
throughout this work. 


SUMMARY 


The resolution of pL-amino acids by means of asymmetric enzymatic 
synthesis with papain has been studied. ‘The conditions required for the 
quantitative synthesis of the \V-acyl-L-amino acid anilides have been es- 
tablished with regard to the acyl group, the enzyme concentration and 
activator, the buffer mixture, and time for the following pL-amino acids: 
alanine, isoleucine, leucine, lysine, methionine, norleucine, phenylalanine, 
serine, threonine, tryptophan, tyrosine, and valine. Hydrolysis of the V- 
acyl-L-amino acid anilide with mineral acid and the removal of excess 
acid by an ion exchange resin (Amberlite 1R-4-B) gave good over-all vields 
of the optically pure L-amino acid. Application of the same hydrolytic 
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procedure to the N-acyl-p-amino acid gave a fair yield of optically pure 
D-amino acid. 
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GROWTH EXPERIMENTS WITH THIOETHER DERIVATIVES 
OF CYSTEINE AND HOMOCYSTEINE* 


By MARVIN D. ARMSTRONG anpb*JOY D. LEWIS 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders and the 
Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, October 30, 1950) 


A number of thioether derivatives of homocysteine and cysteine were 
prepared in order to further an investigation which was carried out in this 
laboratory (1, 2) of the conversion of L-cystathionine to cysteine tn vitro. 
A study of the degradation of these compounds by thionase, the enzyme 
responsible for the production of cysteine from cystathionine, has been 
reported by Binkley (2). He found that none of the derivatives gave 
rise to a sulfur-containing amino acid when the enzyme was allowed to 
act upon them. It was of interest to carry out parallel experiments in 
vivo to see whether any of the compounds could yield the parent sulfur- 
containing amino acid in the intact animal. 


EXPERIMENTAL 


The methyl, ethyl, n-propyl, n-butyl, and n-amyl derivatives of L- 
cysteine and the carboxymethyl, 6-carboxyethyl, and y-carboxypropy] 
derivatives of both L-cysteine and pL-homocysteine were used; their prep- 
aration and physical properties will be described elsewhere. Great care 
was taken to insure that these compounds were completely free of even 
minute traces of cystine or of homocystine, respectively, since the presence 
of small amounts of the latter could give rise to erroneous results. 

A synthetic diet was used for the feeding experiments. The basal diet 
had the following composition: amino acid mixture (exclusive of the 
sulfur-containing amino acids) 21.3, sucrose 40.7, hydrogenated vegetable 
oil 26.0, salt mixture (General Biochemicals, Inc., Salt Mixture 2) 4.0, 
cod liver oil 5.0, agar 2.0, and sulfasuxidine 1.0 parts, respectively. The 
basal amino acid mixture was that reported in a previous paper (3), with 
the exception that cystine and methionine were omitted and 15.0 gm. of 
pL-phenylalanine and 8.0 gm. of L-tyrosine were added per kilo of diet. 
The water-soluble vitamins were given as a solution (3). Since these 
experiments were concerned only with the possible production of sulfur- 
containing amino acids from the test compounds, it is to be noted that 


* This research was supported by a grant from the United States Public Health 
Service. 
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each animal received 25 mg. of choline chloride daily in the vitamin sup- 
plement; this eliminated problems which might have arisen as a result of 
the lack of an adequate supply of methyl groups. 

Litters of young white rats (Sprague-Dawley) were used for these 
experiments. Good results were obtained within the same litter, but 


TABLE I 
Test of u-Cysteine Derivatives As Precursors of Cysteine 


Average 
Rat No. | daily food t Supplement to basal diet* 
intake change 
gm gm. gm. per cent 
237 9 54 0O- 5 4.0 —0.40 | None 
6-25 4.3 +1.30 | 0.40 L-cystine 
238 ¢ 60 0- 5 3.4 —0.80 | None 
6-25 3.5 —0.15 | 0.45 methylceysteine 
239 of 62 0- 5 3.6 —0.80 | None 
6-25 3.6 +0.15 | 0.50 ethylcysteine 
240 9-241 & 56 0O- 5 3.8 —0.40 | None 
6-25 3.7 +0.13 | 0.55 propylcysteine 
242 -243 65 0- 5 3.7 —1.00 | None 
| 6-25 3.5 +0.20 | 0.60 butylcysteine 
244 9 | 57 0- 5 3.6 —0.80 | None 
6-25 3.4 0.65 amylceysteine 
245 J-246 o 66 0- 5 3.9 | —0.60 | None 
6-25 3.9  —0.03 
184 | 61 | OS | 3.6 | -0.40] “ 
| 6-25 4.7 | +1.70 | 0.40 L-cystine 
185 7-186 9 | 54 0- 5 2.9 —0.20 | None 
6-25 3.3 +0.25 | 0.60 carboxymethylcysteine 
187 9-188 9 | 59 | O 5 4.3. | +0.10 | None 
| | 6-25 4.3 +0.27 | 0.64 carboxyethylcysteine 
189 9-190 7  € | O 5 3.9 —0.10 | None 
6-25 4.3.  +0.32 | 0.69 carboxypropyleysteine 
192 7 «660 | 0- 5 4.4 +0.40 | None 
| | 6-25 4.8 | +0.40 -: 


Rats 237 to 246 are from one litter; Rats 184 to 192 from another. 
* The basal diet contained a supplement of 0.2 per cent pi-methionine. 


some Variation in response to the diets was noticed among different litters; 
this was especially marked when diets containing 0.2 per cent methionine 
were used as the basal diet in the test for cysteine production from pos- 
sible precursors. The somewhat erratic results obtained when diets con- 
taining minimum amounts of methionine were used are noteworthy, since 
uniform results have consistently been obtained in this laboratory when 
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diets deficient in other essential amino acids have been used in similar 


experiments. 


The results obtained with a representative litter in a test of the ability 
of the five alkyleysteines to serve as cysteine precursors are given in 
Table I. As had been previously reported (4-6), the methyl derivative 


TABLE II 
Test of pu-Homocysteine Derivatives As Precursors of Homocysteine 
Average | 
Rat No. Days Supplement to basal diet 
intake | change 
gm. gm. gm. per cent 
118 2? | 56 0-3 | 3.0 | —2.00 | None 
4-21 | 2.3 | —0.44 | 0.4 L-cystine + 0.50 carboxymethylhomo- 
cysteine 
22-37 | 3.0 | +1.00 | 0.4 = + 0.40 homocystine 
119 | «60 0-3! 3.3 | —2.67 | None 
4-21 | 2.4 | —0.28 | 0.4 L-cystine + 0.55 carboxyethylhomo- 
cysteine 
22-37 | 3.4 | +1.05 | 0.4 " + 0.40 homocystine 
120 9 55 0-3/ 3.0 | —2.33 | None 
4-21 | 2.2 | —0.39 | 0.4 L-cystine + 0.55 carboxyethylhomocys- 
teine 
22-37 | 3.0 | +0.77 | 0.4 + + 0.46 homocysteine thio- 
lactone hydrochlo- 
ride 
121 9 57 0-3) 3.0 | —2.33 | None 
4-21 | 2.2 | —0.17 | 0.4 L-eystine + 0.60 carboxypropylhomo- 
cysteine 
22-37 | 2.7 | +0.71 | 04 6 + 0.46 homocysteine thiolac- 
tone hydrochloride 
1220 | 6l 0-3) 2.3 | —2.33 | None 
4-21 , 2.3 | —0.17 | 0.4 L-eystine + 0.60 carboxypropylhomo- 
cysteine 
22-37 6 +1.23 504 + 0.44 methionine 
| 55 3.0 | —2.33 | None 
4-21 | 2.2 | —0.33 | 04 L-cystine 
22-37 | 2.9 | +0.94 04 + 0.44 methionine 


was unable to provide any cysteine, nor were the ethyl, propyl, butyl or 


amyl derivatives. 


cursors of cysteine are also listed in Table I. 


Actually, it appears that S-methyleysteine demon- 
strates a significant though slight toxic effect under these conditions, 
while the other compounds are neither beneficial nor toxic. 

The results obtained in testing the three carboxyalkylcysteines as pre- 


It can be seen that they 
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exert neither a beneficial nor a toxic action on the young rats. ‘The in- 
ability of the carboxymethyl] derivative to serve as a precursor for cysteine 
has been known for some time (7), but §-carboxyethylcysteine (a des- 
aminolanthionine) and y-carboxypropylcysteine (one of the desamino- 
cystathionines) had not been studied previously. In view of their struc- 


TaBLe III 
Test for Carbozryalkylhomocysteines As Cysteine Precursors 
Average; Average | 
Rat No. Days = Supplement to basal diet* 
intake nge 
gm. gm. gm. per cent 
132 62 0-8 | 3.5 | —0.37 | None 
9-25 | 4.3 | +1.53 | 0.40 L-cystine 
26-35 | 4.9 | +0.40 | 0.75 carboxypropylhomocysteine 
133 9-134 ¢ 60 0O-5| 4.5 | —0.40 | None 
6-25 | 4.3 | +0.32 | 0.65 carboxymethylhomocysteine 
135 9-136 3.7 | —0.50 | None 
6-25 | 4.2 | +0.40 | 0.70 carboxyethylhomocysteine 
137 7-138 9 | 0O-5| 4.3 | —0.40 None 
6-25 | 4.2 | +0.88 | 0.75 carboxypropylhomocysteine 
139 9 58 | O 5| 4.4 | —0.40 | None 
| 6-25 | 3.8 | +0.15 a 
| 26-35 | 4.0 | +0.90 | 0.75 carboxypropylhomocysteine 
193 ¢ 53 0-7} 3.3 | —0.57 | None 
8-27 | 4.3 | +1.70 | 0.40 L-cystine 
194 9-195 9 57 0O-7/| 3.6 | —0.43 | None 
8-27 | 4.2 | +0.37 | 0.75 carboxypropyl-p-homocysteine 
196 @-197 ¢ 57 0-7); 3.6 | —0.50 | None 
8-27 | 4.2 | +0.60 | 0.75 carboxypropyl-L-homocysteine 
198 #7 54 0-7} 3.7 | —0.57 | None 
| 8-27 | 4.7 | +0.85 | 0.75 carboxypropyl-pL-homocys- 
| teine 
199 #7 52 0-7, 3.3 | —0.57 | None 
| 8-27 | 3.8 | +0.75 | 1.50 carboxypropyl-pL-homocys- 
| teine 
200 55 0-7. 3.3 | —0.43 None 
| 8-27 | 3.8 | +0.30| “ 


Rats 132 to 139 are from one litter; Rats 193 to 200 from another. 
* The basal diet contained a supplement of 0.2 per cent pL-methionine. 


tural similarity to lanthionine and cystathionine, respectively, either might 
have been expected to give different results than those obtained. 

A test of the ability of the carboxyalkylhomocysteines to serve as 
homocysteine precursors showed that they, likewise, manifested neither 
a beneficial nor a toxic effect on the growth of the young rats. The 
For growth 


results of a typical experiment are presented in Table II. 


| 


er 
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controls in these experiments pL-methionine, inactive homocystine, and 
pL-homocysteine thiolactone hydrochloride were used as supplements to 
the basal diet. It had been reported previously that the carboxymethyl 
and carboxyethyl derivatives were unable to furnish homocysteine in 
vivo (8). 

It was deemed advisable to test the ability of the carboxyalkylhomo- 
cysteines to yield cysteine, as well as homocysteine, since it had been 
reported recently that ‘“homolanthionine,” while unable to serve as a 
precursor for methionine, is still able to furnish cysteine for growth (9, 
10). The results, presented in Table III, show that both carboxymethyl- 
homocysteine and carboxyethylhomocysteine are unable to give rise to 
any cysteine; equivocal data were obtained in the experiments with car- 
boxypropylhomocysteine, however. Because of the similarity in structure 
between “homolanthionine” and carboxypropylhomocysteine its behavior 
was investigated further. The p and 1 forms were prepared, carefully 
purified, and tested for ability to serve as cysteine precursors. Neither 
showed marked ability to increase the growth over the basal rate, though 
the L isomer caused somewhat better growth than was shown by the 
control receiving no supplement. A reexamination of the purity of the 
pL isomer led to the finding that carboxypropylhomocysteine is somewhat 
unstable chemically and probably decomposes to yield homocysteine in 
small amounts when mixed in diets. It seems more probable that the 
presence of small amounts of homocysteine as an impurity is responsible 
for the variable results obtained with carboxypropylhomocysteine than 
that the compound is utilized by the animal with any production of cys- 
teine or of homocysteine. 

The findings that none of the thioether derivatives of cysteine and 
homocysteine examined can be cleaved in vivo to yield a sulfur-containing 
amino acid are in accord with the results obtained with the enzyme thio- 
nase in vitro. 


SUMMARY 


The methyl, ethyl, n-propyl, n-butyl, n-amyl, carboxymethyl, 8-carboxy- 
ethyl, and y-carboxypropyl thioether derivatives of L-cysteine were not 
able to serve as cysteine precursors in young rats. The carboxymethyl, 
carboxyethyl, and carboxypropyl derivatives of homocysteine, likewise, 
were not able to serve as precursors either of homocysteine or of cysteine 
for the rat. 
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A METHOD FOR THE DETERMINATION OF GENTISIC 
ACID IN SERUM* 


By P. S. GERALD anp B. M. KAGAN 


(From the Kunstadter Laboratories for Pediatric Research, Medical Research 
Institute, Michael Reese Hospital, Chicago, Illinois) 


(Received for publication, August 31, 1950) 


The recent trials of gentisic acid as a therapeutic agent (1, 2)! stimu- 
lated our interest in the development of methods for the determination of 
gentisic acid in serum. 

Meyer and Ragan (1) referred to a method which is suitable for the 
analysis of gentisic acid in urine. No details were given. Although they 
were able to detect 5 y of hydroquinone per ml. in urine (1), they did not 
find detectable amounts of this substance in the sera of patients who 
were receiving large doses of sodium gentisate. 

We investigated a number of reagents which gave colors with phenols, 
hydroquinones, and aromatic compounds in general. The color reaction 
with a mixture of ferric chloride and ferrous chloride was selected as 
being the most simple and rapid, and a satisfactory method with this 
reagent was developed. 

While this method was in the process of development, Camelin e¢ al. 
(2) reported the analysis of gentisic acid in the serum and the urine by a 
colorimetric method with ferric chloride after extraction with ether. 
However, we had found that ferric chloride alone is difficult to use for 
quantitative measurement of gentisic acid, principally because of rapid 
fading of the color. These authors do not mention whether they had 
this difficulty or how it was circumvented if they did. 


EXPERIMENTAL 


The color reaction of ferric chloride with gentisic acid was found to be 
suitable for analyses in serum if the following conditions could be satisfied: 
(1) inhibition of oxidation, (2) removal of substances from the serum 
which form precipitates with the iron reagent, and (3) control of pH. 
Inhibition of the oxidation of gentisic acid by ferric chloride was found to 
be essential, since the oxidation product does not give a color with ferric 
ions. By the addition of large amounts of ferrous chloride to the ferric 
chloride, it was found that the oxidation was sufficiently delayed to per- 

* This study was aided by a grant from The Wm. 8. Merrell Company, Cincin- 
nati, Ohio. 

1 Rosenberg, E., Krevsky, D., and Kagan, B. M., manuscript in preparation. 
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mit readings in a spectrophotometer. The color produced with equal 
volumes of this iron reagent and a solution of gentisic acid (2 mg. per 
100 ml. of distilled water) was found to show no appreciable change in 
optical density after 15 minutes. The spectral transmission curve of a 
mixture of equal volumes of a solution containing 10 mg. of gentisic acid? 
per 100 ml. of distilled water and a solution containing 10 mg. of 
FeCl;-6H,O and 5 gm. of FeCl,-4H:,O per 100 ml. of 0.01 N HCl gave a 
broad absorption maximum at 595 mu with an E}2,. of approximately 
131. In the range of 0.05 to 1.00 mg. of gentisic acid per 100 ml. of final 
solution, the color conformed to Beer’s law. The intensity of the color 
increased when the proportion of ferrous ion to ferric ion was lowered, 
but this also resulted in acceleration of the rate of color fading. 

The reagent could not be added directly to the serum, since a precipi- 
tate formed immediately. This also resulted when the reagent was added 
to aqueous solutions of the residues from ether extracts of sera. When 
the reagent was added to Folin-Wu centrifugates, however, turbidity 
developed only after standing for a few minutes. The readings were 
made, therefore, in the spectrophotometer within 1 minute after addition 
of the iron reagent. The specimen should always be examined for gross 
turbidity after reading in the spectrophotometer, because an occasional 
specimen will become turbid before a reading is completed. Fortunately 
this is not only rare but is obvious when it happens, and, when the same 
specimen is reanalyzed, this turbidity is usually absent. 

As is characteristic of the color complexes formed by ferric ions and 
phenols, the color of the ferric ion-gentisic acid complex was sensitive to 
changes in pH. The intensity rapidly diminished as the pH was de- 
creased below 2. Therefore, the final iron reagent was prepared with 
0.01 n HCl, at which acidity the formation of insoluble, hydrated iron 
compounds was inhibited and yet nearly maximum color development was 
possible. 

The method as described cannot be applied to urine, since a precipitate 
is formed immediately after addition of the iron reagent. 


Method 


Iron Reagent—To a liter volumetric flask add 50 gm. of FeCl,-4H.O* 
and 20 ml. of a solution of FeCl;-6H,O (1 gm. per 100 ml. of 0.01 N HCl). 
Dilute quantitatively to 1 liter with 0.01 nN HCl and filter if turbid. 


2 The gentisic acid used in this study was supplied by The Wm. S. Merrell Com- 
pany, Cincinnati, Ohio. 

7A Beckman model DU spectrophotometer was used for the determination. 

* FeC1,.-4H.O manufactured by Merck and Company, Inc., Rahway, New Jersey, 
was found to be superior to others because of its low content of ferric iron and of 
insoluble, hydrated iron compourds. 
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Precipitation of Proteins—Mix 1 ml. of serum and 8 ml. of distilled 
water. Add 0.5 ml. of 3 N H,SO, and mix. Add 0.5 ml. of a solution of 
sodium tungstate (9.75 gm. per 100 ml.). Mix thoroughly until the 
suspension appears homogeneous. ‘Thorough mixing after the addition of 
each reagent is essential to the preparation of a clear supernatant liquid. 
Centrifuge immediately after the mixing or at any time up to 15 minutes 
later. Longer periods of standing should be avoided since they predispose 
to the development of turbidity in the supernatant liquid. Centrifuge for 
about 15 minutes at 3000 r.p.m. The supernatant has been allowed to 
stand in contact with the precipitate up to 1 hour after centrifugation 
without increasing the tendency to development of turbidity. 

Color Development—Place 5 ml. of the clear centrifugate in a cuvette® 
and add 5 ml. of the iron reagent. Mix by inversion and read within 1 
minute at 595 mu. Read against a blank of 5 ml. of distilled water plus 
5 ml. of iron reagent. Neither lipemia nor hemolysis interferes. 

Recovery—Each of five different sera was divided into two portions. To 
one portion of each serum, gentisic acid was added to make a concentra- 
tion of 10 mg. per 100 ml. of serum. Theoretically, when the above 
procedure is used, the centrifugates of each sample of serum with added 
gentisic acid should contain 1 mg. of gentisic acid per 100 ml. An aque- 
ous solution of gentisic acid of this concentration was prepared. The iron 
reagent was added to each of the centrifugates and to the aqueous solu- 
tion of gentisic acid. The differences in optical densities between the 
two portions of the same serum (one with added gentisic acid and one 
without) were compared to the optical density of the aqueous solution. 
These differences were 89, 89, 92, 87, and 81 per cent of that obtained 
with the aqueous gentisic acid solution. The recovery is thus relatively 
constant, although incomplete. The percentage recovery is independent 
of the concentration of gentistic acid, since the optical density obtained 
was found to be a linear function of the amount of gentisic acid added, 
up to 20 mg. per 100 ml. of serum. 

Standardization—To eliminate the error due to incomplete recovery, 
the instrument is standardized by adding increments of a known solution 
of gentisic acid to normal serum and developing the color as described 
above. A graph made by plotting optical density against the concentra- 
tion of gentisic acid yields a straight line. 

Table I shows the effect of the age of the iron reagent on the optical 
density produced per mg. of gentisic acid per 100 ml. of serum. The 
reagent is only moderately stable, apparently because of oxidation by 
contact with air. It must be standardized, therefore, within 24 hours of 
the time of using. 


’ The Coleman model 6-A junior spectrophotometer with 19 K 105 mm. cuvettes 
was used in all of these determinations. 
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Reproduciility—An estimate of the reproducibility of the method was 
made from the results of duplicate analyses performed on the sera of 
patients receiving sodium genfisate. The concentration of gentisic acid 
in these specimens ranged from 1 to 15 mg. per 100 ml. of serum. The 
standard deviation of a single determination, as calculated from thirty-five 
such duplicate analyses, was 0.62 mg. per 100 ml. 

Specificitty—As previously stated, ferric chloride gives a color with a 
number of substances besides gentisic acid. Therefore, the sera of fourteen 
persons not receiving any medication that could be expected to interfere 
with the test were analyzed by the proposed method. The results of 
twenty-six analyses on these fourteen sera gave optical densities equivalent 
to those of gentisic acid concentrations ranging from 0 to 1.0 mg. per 100 
ml. of serum. The average was the equivalent of 0.43 mg. of gentisic acid 
per 100 ml. of serum. 


TABLE I 
Effect of Age on Standardization of Iron Reagent 
Optical density 
Age 
Per Per cent change 


A few conditions are associated with an abnormal production of 
phenolic substances that give colors with ferric chloride, and serum from 
such patients might well give appreciable color when examined by the 
proposed method. With this in mind specimens of serum from two 
patients with phenylpyruvuria® were examined and optical densities 
equivalent to 0.2 and 0.5 mg. of gentisic acid per 100 ml. of serum were 
obtained. These values are comparable to those obtained with normal 
sera. 

Interference of Salicylate—Inasmuch as salicylates give a color reaction 
with ferric chloride, the method is not applicable to the serum of patients 
receiving salicylate therapy. 


DISCUSSION 


The proposed method has been used in the determination of gentisic 
acid in the serum of patients receiving up to 12 gm. of sodium gentisate 


* We are grateful to Dr. L. Lande of Dixon State Hospital, Dixon, Illinois, for 
supplying these specimens, 
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daily. Serum levels in such patients have reached as high as 15 mg. per 
100 ml. Camelin et al. (2) reported comparable serum levels after similar 
doses. 

This is contrary to the findings of Meyer and Ragan (1), who were 
unable to detect gentisic acid in the serum of patients receiving doses 
up to 10 gm. per day. By their method 0.5 mg. of hydroquinone per 
100 ml. of urine could. be detected. They hypothesized from this that 
gentisic acid was rapidly oxidized by the body. 

To confirm the presence of gentisic acid itself rather than an oxidized 
form of gentisic acid in the serum after the oral administration of sodium 


< 

0) 

WAVELENGTH (Mu) 
f Fig. 1. Curve A, the spectral transmission curve obtained with the Coleman 
n model 6-A junior spectrophotometer with a mixture of equal volumes of a gentisic 
e acid solution (1 mg. per 100 ml. of distilled water) and the proposed iron reagent. 


Curve B, optical density readings obtained at the designated wave-lengths 


° by analysis of aliquots of a single specimen of serum by the proposed method. The 
Ss serum specimen was obtained from a normal adult male 75 minutes after the inges- 
e tion of 3.2 gm. of sodium gentisate. 
ul 
gentisate, the following experiment was performed. A normal adult male 
n was given a single dose of 3.2 gm. of sodium gentisate and 75 minutes 
bs later a specimen of blood was withdrawn. Aliquots of the serum so, 
obtained were analyzed at each of seven wave-lengths by the proposed 
method. The results are shown in Curve B, Fig. 1. Curve A is the 
spectral transmission curve obtained with a mixture of the iron reagent 
Ic and a solution of gentisic acid in distilled water. Considering that each 
te of the values plotted in Curve B is subject to all the errors of the method, 
- the similarity between the two curves is evidence that gentisic acid itself 


is determined by the method. 
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SUMMARY 


By using a mixture of ferrous and ferric chlorides as a color reagent, 
the gentisic acid content of a Folin-Wu centrifugate of serum may be 
quantitatively measured, with a standard deviation of 0.62 mg. per 100 
ml. for concentrations in the range of 1 to 15 mg. per 100 ml. of serum. 
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A NOTE ON THE ACETYLATION OF SULFUR AMINO ACIDS 
BY LIVER AND KIDNEY* 


By HELMUT R. GUTMANN? ano JOHN L. WOOD 


(From the Department of Chemistry, School of Biological Sciences, 
University of Tennessee, Memphis, Tennessee) 


(Received for publication, November 20, 1950) 


The metabolism of sulfur-containing amino acids in the presence of 
aromatic hydrocarbons is concerned in part with the synthesis of mercap- 
turic acids and with the mechanisms of this reaction. 

The acetylation of sulfur amino acids has been studied as a possible 
step of mercapturic acid synthesis. The present report deals with the 
acetylation in vitro of S-benzylhomocysteine and presumably p-bromo- 
phenyl-L-cysteine by rat liver or kidney slices. 

In order to detect the presence of metabolic products of the incuba- 
tion, the amino acid substrates were labeled with S**. Chloroform ex- 
tracts of the incubated mixtures in each case contained appreciable amounts 
of radioactive sulfur (Table I). N-Acetyl-S-benzylhomocysteine was 
identified in the appropriate incubated mixtures by addition of carrier 
and subsequent isolation of radioactive compound. The specific radio- 
activity of the sulfur in the isolated acetyl derivative was not altered by 
recrystallization, and it remained unchanged when the compound was 
hydrolyzed to benzylhomocysteine. In parallel experiments p-bromo- 
phenyl-L-cysteine was presumably acetylated by liver or kidney slices, 
but the product was not isolated in these cases. 


EXPERIMENTAL 


Tissue slices were prepared by the free-hand method and were placed 
immediately in a 125 ml. Erlenmeyer flask containing from 10 to 20 ml. 
of ice-cold Ringer’s phosphate solution at pH 7.4 (1). 20 to 30 mg. of 
glucose, c.p., and either radioactive S-benzyl-pL-homocysteine or p-bromo- 
phenyl-.-cysteine were dissolved in 10 ml. of Ringer’s phosphate solution 
and this was added to the slices. The contents of the flask were equili- 
brated with pure oxygen throughout the experiment and were shaken for 


* This work was supported by grants from the American Cancer Society, the 
Rockefeller Foundation, and the National Institutes of Health, United States 
Public Health Service. 

t Present address, Cancer Research Laboratory, University of Florida, Gaines- 
ville. 


473 


é 
4 
> 
iw 


474 ACETYLATION OF SULFUR AMINO ACIDS 


the length of time stated in Tables I and II, the temperature being main- 
tained at 36° by a water bath. At the end of the incubation period the 
‘medium was treated with concentrated HCl until it gave a reaction acid 
to Congo red. The slices were homogenized in an all-glass apparatus 
with 5 to 10 ml. of Ringer’s phosphate buffer adjusted to pH 8 by the 
addition of 6 m NH,OH. The homogenate was centrifuged and the 
supernatant was combined with the incubation medium in a separatory 
funnel. The solution was made acid in reaction to Congo red with con- 


TABLE I 


Chloroform-Eztractable Sulfur after Incubation of Labeled Sulfur Amino Acids 
with Liver and Kidney 


| 
Incu-  Sub- Chloro- 
Tissue Substrate | extractable 
gm. hrs. Y | Y | gent 
5.25 | p-Bromophenyleysteineft | 211 | 69 33 
0.318 | 3.75 198 | 82) 41 
Heated kidney slices. .... 0.432 | 3.50 287 9 3 
Kidney homogenate...... 0.619 | 4.25 220 | 167 
0.866 5.0 | S-Benzylhomocysteine} | 417 | 138 33 
Liver | 1.499 | 4.3 | 607 | 150, 25 


* The gas phase in all experiments was oxygen. In this experiment the gas 
emerging from the incubation flask was passed through a tube containing 2 ml. of 
1 per cent NaOH. After completion of the incubation period, the NaOH solution 
was treated with bromine and allowed to stand for 14 hours. 1 ml. of carrier sul- 
fate and 2 ml. of 5 per cent barium chloride were added. The precipitate contained 


no radioactive sulfate. 


+ The substrate p-bromophenyl-L-cysteine had a specific radioactivity of 0.033 


¢.p.8. per microgram of sulfur; m.p. 197-198°. 


t The substrate S-benzyl-pL-homocysteine had a specific radioactivity of 7.8 


¢.p.8. per microgram of sulfur. 


centrated HCl and extracted four times with 25 ml. of redistilled chloro- 
form. ‘The radioactivity of a suitable aliquot of the chloroform extract 
was measured as described below. The micrograms of labeled sulfur, 
representing incubation products, were calculated from the radioactivity 


of the extract and the specific radioactivity of the substrate sulfur. 


When kidney or liver slices were incubated with radioactive S-benzyl- 
pL-homocysteine, unlabeled N-acetyl-S-benzyl-pL-homocysteine, m.p.! 116- 
118°, was added to the radioactive chloroform extract obtained as de- 
scribed above. The solution was taken to dryness in vacuo at 45°. The 
dry residue was dissolved in hot dilute NH,OH, decolorized with norit, 


1 All melting points are corrected. 
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and then acidified with 5 m HCl to give a reaction acid to Congo red. 
The resulting precipitate was collected with suction, washed with water, 
and dried over phosphorus pentoxide in vacuo. After the specific radio- 
activity of the product had been measured, the compound, m.p. 117- 
119°, was recrystallized. The specific radioactivity was found to be 
unchanged. The radioactive N-acetyl-S-benzyl-pL-homocysteine was 
heated under a reflux with 10 to 15 ml. of 4m HCl for 1 hour. The solu- 
tion was concentrated in vacuo to approximately 5 ml. and was treated 
with norit at the boiling point. The pH of the solution was adjusted to 


TaBLe II 
Specific Radioactivities of Isolated Products 

Compound recrystallized Fraction No. 

mg. c.p.s. peryS 
N-Acetyl-S-benzyl-pL-homocys- 1 80 0.0315 
teine* 2 66 0.0306 
S-Benzyl-pL-homocysteine 1 26 0.0305 
N-Acetyl-S-benzyl-pL-homocys- 1 51 0 .0383 
teinet 2 33 0.0370 
3t 14 0.0384 
S-Benzyl-pL-homocysteine | 1 22 0.0363 
| 2§ 4.8 | 0.0364 


* 103.1 mg. of unlabeled N-acetyl-S-benzyl-pL-homocysteine were added to the 
chloroform extract obtained after the incubation of kidney slices with radioactive 
S-benzyl-pL-homocysteine, as described above. 

t 97.0 mg. of unlabeled N-acetyl-S-benzyl-pL-homocysteine were added to the 
chloroform extract obtained after the incubation of liver slices with radioactive 
S-benzyl-pL-homocysteine, as described above. 


t N-Acetyl-S-benzyl-pL-homocysteine obtained from the mother liquors of Frac- 
tion 2. 


§ S-Benzyl-pL-homocysteine obtained after hydrolysis of Fraction 3. 


6 by the addition of concentrated NH,OH. The precipitate was collected 
and washed successively with water, absolute ethanol, and ether. After 
drying tn vacuo over phosphorus pentoxide, the S-benzyl-pL-homocysteine, 
m.p. 240-246°, was found to have the same specific radioactivity as the 
acetyl derivative (Table II). 

For the radioactivity determinations of the compounds or solutions, 
combustion was accomplished by the micro-Carius procedure. The radio- 
active sulfate was precipitated as benzidine sulfate after the addition of 
appropriate amounts of carrier sulfate, as previously described (2). All 
measurements were corrected for self-absorption by the sample and for 
radioactive decay. | 

Preparation of Labeled Substrates—Labeled S-benzyl-pt-homocysteine 
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was prepared from methionine-S** according to the method of Stekol 
(3). Radioactive p-bromophenyl-L-cysteine was prepared by the acid 
hydrolysis of radioactive N-acetyl-p-bromophenyl-L-cysteine, which had 
been isolated from the urine of rats maintained on a 6 per cent casein diet 
containing 0.5 per cent labeled methionine and 0.1 per cent bromobenzene. 


DISCUSSION 


In the experiments with p-bromophenylcysteine, the presence of 33 or 
41 per cent of the substrate radioactivity in the chloroform extract indi- 
cated that an appreciable amount had undergone metabolic alteration. 
It was possible that a number of products, including the acetyl derivative, 
might have been formed. The specific radioactivity of the compound at 
hand was too low to allow the isolation of a metabolic product by the 
addition of a suitable carrier. The experiments were repeated, there- 
fore, with S-benzyl-pL-homocysteine, which was available with the neces- 
sary specific radioactivity. Table I shows that the amounts of chloro- 
form-soluble sulfur compounds from this substrate (25 and 33 per cent) 
parallel the results for p-bromophenylceysteine. The isolation of labeled 
N-acetyl-S-benzylhomocysteine from the incubation mixture offers un- 
equivocal evidence for the acetylation in vitro of the sulfur amino acid. 
Although N-acetyl-S-benzylhomocysteine is not isolated from urine as a 
detoxication product of benzyl chloride (4), it has been shown that in- 
gested benzylhomocysteine, like bromophenylcysteine or benzylcysteine 
(5, 6), is acetylated in vivo and excreted as a mercapturic acid. 

Not all of the chloroform-soluble material was acetylbenzylhomo- 
cysteine, as shown by the isotopic dilution of the carrier. It may be 
calculated that the specific radioactivities of the sulfur of the isolated N- 
acetyl-S-benzylhomocysteine samples should have been 0.087 and 0.100 
¢.p.s. per microgram of sulfur if all of the radioactive chloroform-soluble 
sulfur obtained from the incubation of S-benzylhomocysteine with kidney 
or liver slices respectively was in the form of the acetyl derivative. The 
observed specific radioactivities show that 37 per cent of the chloroform- 
soluble radioactivity is accounted for as N-acetyl-S-benzylhomocysteine. 


SUMMARY 


The incubation of kidney slices with S-benzyl-pL-homocysteine labeled 
with S*® yielded 25 per cent of the substrate sulfur in the form of chloro- 
form-soluble sulfur compounds. Liver slices converted 33 per cent of the 
same substrate to chloroform-soluble products. Radioactive N-acetyl- 
S-benzylhomocysteine was isolated from the incubation mixtures after 
addition of inactive carrier compound. The specific radioactivity of the 
sulfur of the isolated product remained unchanged after conversion of the 
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isolated derivative to S-benzylhomocysteine. The acetyl derivative ac- 


counted for 37 per cent of the chloroform-soluble sulfur compounds formed 
in the incubation. 


When radioactive p-bromophenyl-L-cysteine was used as a substrate, 
kidney slices converted 33 per cent to chloroform-soluble products and 
liver slices converted 41 per cent. 
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SOME NEW BIOSYNTHETIC PENICILLINS 


By JULIAN E. PHILIP, A. P. SAUNDERS, A. F. DEROSE, 
D. W. MacCORQUODALE, J. C. SYLVESTER, anv 
ARTHUR W. WESTON 


(From the Abbott Laboratories, North Chicago, Illinois) 


(Received for publication, October 25, 1950) 


In our laboratories some 200 compounds, including phenylacetic acid 
derivatives, have been studied as possible precursors for new penicillins, 
and several of these appeared to give rise to new penicillins. In this 
report, five new penicillins, four of which were obtained in crystalline 
form, are described and their production, isolation, and characterization 
discussed. The methods employed in our studies were substantially the 
same as those already reported (1-3). 

Some comparative blood level data have been obtained on these and 
other penicillins and will be published elsewhere. 


EXPERIMENTAL 


Fermentation—In the study of penicillin precursors, the initial test on 
the compound was carried out in shaken culture to determine the toxicity 
of the material and the effect on the fermentation as indicated by the 
vield of the penicillin obtained. Three levels of precursor were tested in 
«a synthetic (Table II) medium. The control cultures contained the 
same medium without any precursor. Quantities of medium (100 ml.) 
in 500 ml. Erlenmeyer flasks were inoculated with Penicillium chryso- 
genum X-1612 or Q-176 and incubated at 24° on a reciprocating shaker. 
Samples were taken for analysis after 3, 4, 5, 6, and 7 days incubation. 
The results obtained with five different precursors are shown in Table I. 
The figures represent maximum yields in units per ml. of culture broth as 
determined by our standard assay procedure with Staphylococcus aureus 
as the test organism. 

Since the results obtained in shaken flasks suggested the possibility that 
penicillins incorporating the precursor were formed, sufficient quantities 
of the penicillins were produced to permit isolation and characterization. 

Small fermenters containing 12 liters of medium were inoculated with 
vegetative culture of P. chrysogenum X-1612 or Q-176. The design and 
operation of our fermenters were similar to the fermenters described by 
Rivett et al. (8).- Vegifat-Y was added as needed to control foaming. 
Quantities of culture varying from 80 to 120 liters were prepared with 
each precursor. A synthetic medium shown in Table II was used, since 
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the regular corn steep medium ordinarily employed for penicillin pro- 
duction contains a number of substances which can act as precursors for 
various penicillins. In the case of the phenylmercaptoacetic acid, P. 
chrysogenum X-1612 was employed. In all other instances P. chrysogenum 
Q-176 was used. The level of precursor was determined on the basis of 
the shaken flask results, the level giving the highest yield being used. 
The results obtained in the small fermenters are shown in Table ITI. 


TABLE I 
Penicillin Yields in Shaken Culture 
The values are given in units per ml. of culture broth. 


Concentration of precursor 
oe precursor 100 mg. | 200mg. | 500 mg. 
per liter per liter | per liiter 
day* day* day* day* 
Phenylmercaptoacetic acid (4) |\6th |232 |266 (6th |229 
p-Bromophenylmercaptoacetic acid (5,7)... |164 \7th |408 \7th |457 |7th |482 |7th 
Benzylmercaptoacetic acid (6)............... .|114 |6th |164 (6th |105 [7th | 31 |7th 
Phenethylmercaptoacetic acid (4). 89 6th | 81 | 14 44th 14 6th 
p-Hydroxypheny!mercaptoacetic acid (7) 107 7th 123 149 |7th |199 |7th 


The figures in parentheses represent bibliographic references. 
* Day on which maximum yield was obtained. 


TABLE II 
Synthetic Medium 


; sm | | gm 


Isolation and Characterization—The technique used in the isolation of 
these penicillins has already been described (1, 2). The filtered beer was 
extracted with 0.4 volume of amyl acetate, and this in turn with potas- 
sium phosphate buffer at pH 7.5. An ether extract (at pH 2.0) of this 
buffer extract was then chromatographed on a silica gel-buffer column, 
pH 6.2, and the principal active fraction was transferred to chloroform 
and subjected to further chromatography on a buffer-silica gel column. 
The most active bands from this chromatogram were converted to sodium 
salts and lyophilized, and crystallization attempts were made. ‘Table 
IV shows the penicillins which were isolated and the activities in units 
per mg. versus S. aureus and Bacillus subtilis. 
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Phenylmercaptomethylpenicillin—80 liters of broth contained 15.8 mil- 
lion units. The principal band of the first chromatogram occupied a 
position comparable to that of benzylpenicillin when run in a similar 
manner and was equivalent to 66 per cent of the units applied to the 
column. Chromatography of this fraction in chioroform and subsequent 
conversion to sodium salt gave 2.57 gm. of amorphous material having an 


Taste III 
Precursor Data 
| mg. perl. | per mil. 
Phenylmercaptoacetic 250 | 446 4th 
p-Bromophenylmercaptoacetic acid. ........ 500 366 4th 
Benzylmercaptoacetic acid... 100 240 4th 
Phenethylmercaptoacetic acid...) 100 195 3rd 
p-Hydroxyphenylmercaptoacetie acid... 500 242 4th 
TasBie IV 
New Penicillins 
Unit: | i 

2100 1700 
Benzylmercaptomethy]- . 1900 1400 
600 SOO 


* This penicillin was not isolated in ervstalline form. The assay was carried out 
on an amorphous preparation. 


activity of 2700 units per mg. ‘This was crystallized from acetone and 
then from 90 per cent acetone-water; yield, 1.525 gm. 


Analysis-——C,gHy,O,NeS2Na. Caleulated. C 49.48, H 4.38, S 16.49, N 7.21 
Found. 49.13, “ 4.28, 16.87, 7.26 


p-Bromophenylmercaplomethylpenicillin——The harvest amounted to 120 
liters and contained 25 million units. 68 per cent of the activity re- 
covered from the ether, chromatogram was found in the filtrates in a 
position comparable to the position occupied by n-heptylpenicillin in 
similar isolations. The chloroform chromatogram was run at pH 6.7, 
and 60 per cent of the activity was in the top half of the column. Crys- 
tallization of the 324 mg. of amorphous sodium salt from acetone resulted 
in 200 mg. of analytically pure crystals. 
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Analysis—CigHieO,.N282BrNa. Calculated. C 41.12, H 3.45 
Found. 41.44, 3.52 


In this fermentation, apparently only a very small amount of the 
desired penicillin was produced. The positions of the bands on the 
column indicate that mostly n-heptylpenicillin, 2-pentenylpenicillin, and 
other aliphatic penicillins were formed virtually to the exclusion of benzyl- 
penicillin. i 

Benzylmercaptomethylpenicillin—The harvest (120 liters) contained 15.5 
million units. 75 per cent of the activity recovered from the ether chro- 
matogram was found in the filtrates. The subsequent chloroform chro- 
matogram was therefore run at pH 6.7, and 60 per cent of the applied 
activity was in the top half of the column. The resulting 2.22 gm. of 
sodium salt assaying 1780 units per mg. were crystallized from acetone; 
vield, 677 mg. of analytically pure product. 


Analysis—Ci7H,,O4N2S2Na. Calculated. C 50.73, H 4.75 
Found. ** 50.63, 4.58 


Phenethylmercaptomethylpenicillin—15 million units were contained in 
116 liters of harvest. 75 per cent of the activity from the ether chro- 
matogram was in the filtrates. The subsequent chloroform chromato- 
gram at pH 6.7 yielded 66 per cent of the activity in the filtrates, and as a 
result another chloroform chromatogram was run at pH 7.2. 85 per cent 
of this applied activity was in the top half of the column and yielded 
2.055 gm. of amorphous sodium salt. Crystallization from acetone and 
three recrystallizations from acetone-water yielded 438 mg. of analytically 
pure crystals. 


Analysis—CigHnO;sN2S2Na. Calculated. C 51.90, H 5.08 
Found. 51.66, 4.70 


p-Hydroxyphenylmercaptomethylpenicillin—The harvest (119 liters) con- 
tained 11.6 million units. 30 per cent of the activity applied to an ether 
chromatogram was recovered from the very top of the column in a 
position comparable to that occupied by p-hydroxybenzylpenicillin. A 
subsequent chloroform chromatogram, pH 6.0, was run and resulted in 
very little, if any, separation of activity and pigmented impurities from 
the top of the column. This was followed by an ether chromatogram at 
pH 5.6 which brought about some resolution of the activity into a 25 © 
em. band, 8 cm. from the top of a 40 cm. high column. ! 

All attempts to obtain crystals from the resulting amorphous sodium 
salt (1.474 gm.) failed. Although no clear cut evidence was obtained to 
demonstrate the formation of this p-hydroxyphenylmercaptomethylpeni- 
cillin, it appears probable that the precursor was utilized and the peni- 
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cillin formed, since in no other similar fermentations has there been any 
significant amount of this type of comparatively higher acidic activity. 


The authors wish to express their gratitude tio W. J. White for as- 
sistance in carrying out the fermentations, and:to E. F. Shelberg and 
L. F. Reed who performed the microanalyses. | 


SUMMARY ‘ 


The production, isolation, and characterizaticfr of five new biosynthetic 
penicillins have been described. Four of these were obtained in crystal- 
line form and varied in potency from 1900 to 3400 units per mg. The 
other, p-hydroxyphenylmercaptomethylpenicillin, was isolated as an amor- 


phous sodium salt having a potency of 600 units per mg. versus Staphy- 
lococcus aureus. 
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ON THE NATURE OF ASCORBIC ACID OXIDASE* 


By FRANK J. DUNNT anp CHARLES R. DAWSONt 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, May 1, 1950) 


In 1937, Stotz, Harrer, and King (1) reported that the activity of 
several plant juices in catalyzing the aerobic oxidation of ascorbic acid 
was dependent on their copper content, and such activity was lost upon 
treatment with substances known to form stable complexes with copper. 
Since that time, two basically different views have developed concerning 
the réle of copper in the aerobic oxidation of vitamin C in biological 
systems. 

One view is that the catalytic activity of many plant juices is due to 
the presence therein of a specific enzyme (ascorbic acid oxidase) which is 
a copper protein (2—7). The essential réle of copper is explained in terms 
of its being the prosthetic group of a specific, conjugated protein, a view 
which has found wide acceptance in the case of other enzymes such as 
tyrosinase (polyphenoloxidase), laccase, etc. 

The opposing view is that the catalytic activity of plant juices can be 
attributed either to the indirect action of other oxidases (notably poly- 
phenoloxidase, peroxidase, etc.) or solely to ionic copper or to ionic copper 
in loose combination with non-specific protein material, or other colloidal 
matter (8-12). The evidence for the existence of a specific copper pro- 
tein, ascorbic acid oxidase, is considered tenuous. 

Lampitt et al. have observed that calcium phosphate gels containing a 
trace of ionic copper possess the ability to catalyze the aerobic oxidation 
of ascorbic acid (13), and such catalytic activity is destroyed or con- 
siderably reduced by heat. They argue the possibility that such a syn- 
thetic ascorbic acid oxidase, with or without combined protein, is identical 
with that occurring naturally. They assume that copper proteins dis- 
sociate in aqueous solutions to yield Cu**, and that the catalytic ac- 
tivity of such complexes is therefore dependent on the degree of ioniza- 


* Supported in part by a grant and a Junior Research Fellowship (F. J. D.) from 
the Division of Research Grants and Fellowships of the National Institutes of 
Health, United States Public Health Service. 

t This paper is from the doctoral dissertation of Frank J. Dunn, Columbia Uni- 
versity, 1949. Present address, Los Alamos Scientific Laboratory, University of 
California, Los Alamos, New Mexico. 

t With the technical assistance of Stanley Lewis. 
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tion.! On this premise, they question the function of the protein moiety 
and criticize the work of previous investigators as failing to distinguish 
between Cu** and copper protein. 

In view of the above controversy, it seemed advisable to investigate 
the constancy of certain physical properties of the copper-containing 
protein component of several purified ascorbic acid oxidase preparations. 
It is the purpose of this communication to describe some electrophoretic 
and ultracentrifugation investigations undertaken on several different 
ascorbic acid oxidase preparations of comparatively high degrees of purifi- 
cation. 

Ascorbic Acid Oxidase Preparations—The six ascorbic acid oxidase prep- 


TABLE [I 
Data on Ascorbic Acid Oxidases Prepared by Method of Powers, Lewis, and Dawson (7) 
a Squash juice Purified enzymes 
Prepara- 
‘on N Squash Uni Uni P Uni 
‘No. Total units ber per cent Per 
bushels 
1 | AAOI6, 5 26 780,000 1.3 685 | 5,480 | 1450 | 0.20 | 725 
2 AAOI7 |) 25.5 > 28 | 4,900,000 6,875 17,600 | 1530 | 0.22 | 695 
3 | AAO20 | 22.5 12 | 1,356,000 1 
1,500* 43,000 | 1500 | 0.22 | 685 
4 | AAO21 36 24 | 2,300,000 
5 | AA023 7 36 11,333,000 1.2 | 12,000 52,000 | 1350 | 0.18 | 750 


* Enzymes 3 and 4 were combined at Step 5 of the purification procedure. 


arations used in this investigation were prepared from the yellow crook- 
neck squash (Cucurbita pepo condensa), and with one exception (Enzyme 
6) were prepared by the method described by Powers, Lewis, and Dawson 
(7). As shown by the data in Table I for five of the preparations, this 
procedure resulted in better than 1000-fold purification based on units 
per mg. of protein yielding a purified enzyme containing 0.18 to 0.22 per 
cent copper. Because of the relatively low yield of purified enzyme 
(approximately 1 mg. per bushel of squash), it was not possible to carry 
out very extensive electrophoretic or ultracentrifugation experiments on 
any one of the above preparations. For this reason a modified procedure 
of purification, based on differential ultracentrifugation and fractional 
precipitation by dialysis, was developed. Since the modified procedure 

1 Evidence recently obtained in these laboratories is contrary to the view that 


the copper protein, ascorbic acid oxidase, dissociates in aqueous solutions to yield 
ionic copper (Joselow, M., and Dawson, C. R., unpublished experiments). 
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proved capable of producing an enzyme of higher purity and in better 
yield, it seems advisable to describe it in some detail. 

When the previous procedure (7) was followed through Step 5 (frac- 
tionation by lead subacetate), an oxidase solution (Enzyme 6) was ob- 
tained having an activity of 5340 units per cc. and 405 units per mg. of 
protein. By using a rotor designed for preparational work, a 52 cc. 
sample of the enzyme was accelerated in an ultracentrifuge (14) to a 
rotational velocity of 48,000 r.p.m., allowed to coast for a period of 15 
minutes, and then braked gently to avoid disturbing the sediment (total 
time, 80 minutes). The clear supernatant was decanted, leaving a gray- 
brown sediment which was discarded after all the activity was found to 
be in the supernatant liquid. The supernatant solution was then re- 
subjected to ultracentrifugation for a period of 240 minutes at the same 
rotational velocity. At the end of the run, dark green pellets were ob- 


TABLE II 
Data on Ascorbic Acid Oxidase Preparations of Enzymes 6A and 6B 


rape Crude juice Purified enzyme 
| Total units | Total units | Units Per | Percent Cu Unite per 
per cent 
6A 27 1 ,050 , 000 110,000 1925 0.26 740 
6B 27 810,000 78,000 1850 0.24 770 


served in the bottom of the centrifuge tubes. These pellets were in- 
soluble in distilled water, and were dissolved in 1.5 ce. of a 0.2 M 
pyrophosphate buffer (pH 5.6), and then made up to a volume of 10 ce. 
with distilled water. This solution was found to contain 40 per cent of 
the original activity, and the remaining 60 per cent was found in the 
supernatant from which the pellets had been separated.? The solution of 
the pellets contained 11,250 units per cc. and had an activity of 805 units 
per mg. of protein. The green solution of the pellets was dialyzed against 
distilled water overnight, and a dark green protein settled in the dialysis 
bag. The suspension was centrifuged with an ordinary table top centri- 
fuge, and the clear, colorless supernatant was decanted. This super- 
natant was found to have less than 3 per cent of the total activity and 
was discarded. The green sediment was redissolved in 3 cc. of a phos- 
phate buffer (u = 0.2, pH 6.38), and yielded a dark green, highly active 
solution, somewhat cloudy in appearance, which was clarified by centri- 


? The supernatant fraction, of somewhat lower order of purity, was used in other 
investigations not described in this communication. 
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fuging for a short time. The small quantity of a whitish solid which 
settled possessed no ascorbic acid oxidase activity. It was not soluble in 
either water or buffer and was presumably denatured protein. 

The clarified, highly active oxidase solution (Enzyme 6A) was found to 
have an activity of 33,000 units per cc., and was dark green in color. 
Copper and activity data are given in Table II. Enzyme 6B, shown in 
Table II, was prepared from another sample of the same partially purified 
enzyme that was used to prepare Enzyme 6A, except that a 40 cc. sample 
was subjected to direct ultracentrifugation until green pellets were ob- 
tained (not differentially, as in the case of Enzyme 6A). The solution 
obtained from these pellets was treated with alumina, etc. (Step 6 of 
Powers, Lewis, and Dawson). It may be seen from a comparison of 
Tables I and II that this preparation possessed a purity level somewhat 
lower than that of Enzyme 6A, but significantly greater than those 
ascorbic acid oxidase preparations resulting from the complete Powers, 
Lewis, and Dawson procedure. 

Enzyme Activity and Copper and Protein Content—The method used for 
measurements of enzyme activity was that previously described (7). The 
copper and protein content of the various oxidase preparations was de- 
termined as described elsewhere (3). 

Spectrographic Analysis—Ascorbic acid oxidase, Enzyme 5, was ana- 
lyzed for copper, calcium, and phosphorus by means of a grating spectro- 
graph. In order. to remove extraneous (.e., non-enzyme) copper, 
calcium, and phosphorus, 1 cc. of the enzyme solution was dialyzed at 8° 
against an acetate buffer, prepared with copper-free water, for 24 days, 
during which the buffer outside the bag was changed daily. There was 
no significant loss in enzyme activity during the dialysis period. The 
analysis was carried out with the assistance of an internal standard, 
lithium carbonate. Blanks run on the electrodes, the graphite, and the 
lithium solution were negative with respect to P and Cu, but a trace of 
Ca could be detected. No P or Ca could be spectrophotographically 
demonstrated in the dialyzed enzyme. The copper content of the enzyme 
solution was determined by comparison with a series of standard solu- 
tions. The spectrographic analysis showed a non-dialyzable copper con- 
tent of 20 y per cc. +30 per cent. The manometric cysteine oxidation 
method indicated a copper value of 17 y per cc. +15 per cent. 

Electrophoresis*—All of the electrophoretic experiments were carried out 
at 0° or 1°, with an apparatus of the Tiselius type and a cell of approxi- 


*It is a pleasure to acknowledge the generosity of Dr. D. H. Moore, of 
the College of Physicians and Surgeons, Columbia University, in making available 
for this investigation the electrophoresis and ultracentrifuge facilities of his labora- 
tory. 
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mately 2 cc. of usable volume. In general, the current was applied until 
the fastest moving component was in danger of entering the electrode 
compartments. During the migration period, schlieren photographs (15) 
were taken of both the ascending and descending boundary patterns, at 
various time intervals, depending upon the rate of migration and the 
stability of the boundaries. At the completion of the experiment, the 
contents of the cells were not disturbed until the exposures had been 
developed. If the photographic plates indicated a separation of two or 
more protein components in the boundary regions, the cell contents were 
removed a layer at a time by means of a small hypodermic syringe with 
minimum disturbance. The layers were then immediately assayed for 
enzyme activity. 

Since dilution occurred during the course of each electrophoresis ex- 
periment, it was necessary to reconcentrate the enzyme before it could be 
used for further electrophoretic or ultracentrifugation study. This was 
accomplished by lyophilizing the enzyme solution and dissolving the dry 
powder in the desired volume of distilled water. The dried enzyme was 
readily soluble in distilled water, due to the presence of buffer salts in the 
powder. In this connection, it should be noted that concentrated solu- 
tions of the purified enzyme precipitate when all electrolytes are removed 
by dialysis. In addition, purified ascorbic acid oxidase solutions rapidly 
lose activity when highly diluted. 

Ultracentrifugation—The ultracentrifuge used in this investigation was 
an air-driven one, equipped with a Longsworth scanning system for the 
observation of the sedimenting boundaries (14, 16). Two types of rotor 
were employed, an analytical rotor for small volumes (about 0.6 cc.) and 
a larger rotor for preparative work (40 to 100 cc.). 


Typical Experiments and Results 


The results of the numerous electrophoretic and ultracentrifugation 
experiments conducted on the various ascorbic acid oxidase preparations 
can be described in terms of a typical experiment of each type. In order 
that the results obtained by these two experimental methods might best 
be compared, the same enzyme sample was employed for both experi- 
ments whenever possible, as in the typical case described below. 

The enzyme solution was prepared in the following manner. A 3 cc. 
sample of the green enzyme solution (Enzyme 2, Table I) was dialyzed in 
the refrigerator for 48 hours against a large volume of KH:PO.,-KOH 
buffer of 0.2 ionic strength, and pH 6.95. Following the dialysis and 
immediately before the electrophoretic experiment was begun, the enzyme 
solution was found to contain 1.57 mg. of protein per cc. and to have an 
activity of 1530 units per mg. of protein. The semimicro-Tiselius cell 
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was filled with the required volume (2 cc.) of enzyme solution, and the 
remainder of the enzyme sample was set aside for the ultracentrifugation 
experiment described below. 

After the electrophoresis cell had been placed in position in the thermo- 
stat (0° + 0.1°) and equilibrated, and the protein boundaries had been 
established in the usual manner, the initial boundary positions were 
recorded photographically and a current of 13 ma. was applied during a 
period of 120 minutes. The distances that the boundaries had moved at 
various time intervals were measured from scanning photographs by 
means of a microscope equipped with a vernier. The scanning photo- 
graphs showed clearly the existence of at least two components, the major 
one comprising about 70 per cent of the total protein present. At the 
conclusion of the experiment, the enzyme solution was removed from the 
cell as previously described and the activity was found in the major 
component. 

In preparation for the ultracentrifuge experiment, the analytical rotor 
and cell of the ultracentrifuge were cooled to 0° for 1 hour. The enzyme 
sample (about 0.5 cc.) was then introduced by means of a small hypo- 
dermic syringe and the rotor was lowered into position. After evacuating 
the rotor chamber, the rotor was accelerated rapidly to 48,000 r.p.m., and 
the driving air pressure adjusted to maintain this speed throughout the 
duration of the experiment. As soon as the ultracentrifuge speed was 
steady, an exposure was made to fix the starting position of the sedi- 
menting boundary. Additional exposures were made as the sedimenta- 
tion continued, until the most rapidly sedimenting boundary approached 
the bottom of the cell. 

At the end of the run, the contents of the cell were removed in three 
portions, with a small hypodermic syringe. The upper third and the 
center third of the contents (both colorless) were tested individually for 
enzyme activity. Both were found to contain only a trace of the original 
activity. In addition, there was no increase in activity per cc. on mixing 
the two fractions. The bottom third of the cell contents, dark green in 
color, possessed all of the activity introduced into the cell, and the ac- 
tivity was not affected by the addition of either of the other two fractions. 

The data obtained from this experiment indicate that the heavier 
component had a sedimentation constant (corrected to 20°) equal to 6.8 
Svedberg units. The average value for the lighter fraction appeared to 
be 25. 

The photographs obtained during this experiment revealed that at 
least two components were present, and that the most rapidly sedimenting 
and active component was present to the extent of about 70 per cent, 
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a result in good agreement with that obtained by electrophoresis. The 
minor fraction appeared to be heterogeneous in character. 

Table III summarizes the information obtained from a number of 
electrophoresis experiments conducted with the three enzyme samples 
which were available in sufficient quantity for extensive study. Several 
conclusions may be drawn from these data. First, a comparison of the 
2nd and 6th columns shows that the degree of electrophoretic homo- 
geneity increased in nearly parallel fashion with an increase in the purity 
level, as based on activity units per mg. of protein material. Secondly, 
the mobility of the active component was found to be the same for each 


TABLE III 
Summary of Electrophoresis Data 
ss Mobility of active No. of Estimate of 
No. | experiment | | componsnte 
; per cent 
2 1530 5.75 0.57 2 70 
6.13 1.05 3 70 
6.95 1.83 2 70 
7.74 2.40 | 2 
6A | 1925 5.75 0.62 | 1 100 
2.2% 1 100 
6B 1850 | 6.38 1.24 2 | 90 
6.76 1.52 4 90 
7.38 2.22 | 2 | 95 
2 


In all cases, the buffer was KH2PO,-KOH of 0.2 ionic strength. 


of the enzymes when the same conditions of buffer, pH, and ionic strength 
were employed (see also Fig. 1). Thirdly, the copper content of these 
enzymes (see Tables I and II) also parallels their apparent degrees of 
electrical homogeneity. 

Enzyme 6A showed no measurable inhomogeneity, either in the Tiselius 
apparatus or in the ultracentrifuge, when run in concentrations greater 
than had been necessary for the detection of minor components in the 
other enzyme samples. The sedimentation constant of this oxidase 
sample was found to be 6.9 S, corrected to 20°, a value in excellent agree- 
ment with that obtained for the active component of several of the less 
highly purified enzyme preparations. The diffusion constant of Enzyme 
6A, calculated by means of the method of inflection point widths (17), 
employing a Tiselius electrophoresis cell at 1° over a period of 5 days, 
was found to be 4.6 & 10-7 (corrected to 20°). By using a value of 0.75 
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cc. per gm. for the partial specific volume of the molecule (18), the mo- , 


lecular weight of the homogeneous enzyme is calculated as 146,000 + 10 
per cent. 
DISCUSSION 


Isoelectric Point of Ascorbic Acid Oxidase—Since the copper of copper 
proteins becomes ionic in character (dialyzable) in solutions below pH 


J.0 


Mosniry x 


O | | | 
5.0 6.0 6.0 


pH 


Fic. 1. Showing the variation in mobility with pH of the active component of 
three ascorbic acid oxidase preparations (data taken from Table III). O, Enzyme 
2; O, Enzyme 6A; A, Enzyme 6B. 


values of about 5, and since such a transformation is accompanied by a 
loss in enzyme activity, it was not feasible to carry out the electro- 
phoresis experiments below that pH. Furthermore, it was found that 
concentrated solutions of the purified enzyme (blue-green in color) rapidly 
precipitated a colorless and inactive protein when subjected to a pH of 
about 4. This colorless protein could not be redissolved and was pre- 
sumably denatured. For these reasons, the isoelectric point of ascorbic 
acid oxidase, 71.e. the pH of zero mobility, can be estimated only as being 
in the region of pH 5 to 5.5 (see Fig. 1). In all cases, the active com- 
ponent migrated toward the anode, most rapidly in solutions of high pH, 
and more slowly as the hydrogen ion concentration was increased. And, 
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in every instance, the enzymatic activity was found to be associated with 
a protein component having a blue-green to green color, depending on its 
concentration. 

Homogeneity of Ascorbic Acid Oxidase—In general, oxidase preparations 
having a specific activity in the order of 1500 units per mg. of protein 
were observed by electrophoresis to have one enzymatically active com- 
ponent representing the main fraction of the protein present, and one or 
two minor (inactive) components. A preparation having a specific ac- 
tivity of 1925 units per mg. of protein was found to be electrophoretically 
homogeneous at more than one pH. This preparation was also found to 
consist of a single component in the ultracentrifuge, under similar con- 
ditions. Electrophoresis experiments with enzyme solutions having an 
activity of about 800 units per mg. of protein indicated that perhaps as 
many as five different inactive protein components, accounting for more 
than 50 per cent of the total protein, were present. 

Copper of Ascorbic Acid Oxidase—Previous workers in this laboratory 
(3, 7) have reported that, after the initial stages of purification, the spe- 
cific activity (units per mg. of protein) of ascorbic acid oxidase parallels 
the copper content of such preparations. This observation has been 
confirmed in the present investigation, and although a preparation of 
higher specific activity was obtained, the activity of this preparation per 
microgram of copper was found to be essentially the same as that re- 
ported by the earlier workers. As previously pointed out, a direct corre- 
lation between the copper content and the apparent degrees of electro- 
phoretic homogeneity of several oxidase preparations from the yellow 
crookneck squash was observed during the present investigation. Ap- 
) parently, therefore, the non-enzymatic proteins accompanying the enzyme 
are associated or combined with little, if any, copper. This observation 
argues that the union or bond between the copper and the active protein 
is much stronger and more specific than one arising by simple adsorption 
to a protein or colloidal surface. | 

The most highly purified oxidase preparation (Enzyme 6A) employed 
in this investigation was found to have a copper content of 0.26 per cent 
and molecular weight of 146,000. These values are in good agreement 
with an ascorbic acid oxidase molecule containing 6 atoms of copper. 

Color of Ascorbic Acid Oxidase—During the present investigation, it was 
observed that the blue-green enzyme solutions, when sealed in long tubes, 
became yellow or yellow-brown in the lower regions of the tubes upon 
standing in the refrigerator for long periods. An investigation of this 
phenomenon revealed that this color change was accelerated by evacu- 
ating the tube, flushing it with nitrogen, and sealing under an atmosphere 
of this gas. As soon as the contents were exposed to air, the green color 
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rapidly reappeared. This reversible oxygenation-deoxygenation process 
could be repeated many times with a given enzyme solution. 

It was also observed that apparently the same kind of reversible color 
change occurred when ascorbic acid solution was added dropwise to the 
blue-green enzyme solution. The color became less intense upon the 
addition of each drop of the ascorbic acid solution, until finally the en- 
zyme was completely decolorized (light yellow-brown). Upon shaking 
the contents of the test-tube in air, the blue-green color rapidly. reap- 
peared. This experiment was repeated many times with a given enzyme 
solution. 

These observations on the change in color of ascorbic acid oxidase when 
added to its substrate, l-ascorbic acid, and also when depleted of oxygen, 
are of considerable interest. The oxygenation-deoxygenation color change 
is strikingly similar to that of the hemocyanin copper proteins. Although 
the evidence is not extensive, it appears likely that the copper in the 
hemocyanin molecule is in the cuprous state, and no change in the oxida- 
tion state of the copper occurs during the oxygenation reaction (19). On 
the other hand, as the result of the studies of Kubowitz with the copper 
protein, polyphenoloxidase (20), it is commonly believed that the oxidase 
activity of copper proteins is associated with a reversible oxidation- 
reduction cycle of the copper. Similar mechanisms have been advanced 
for the catalytic effect of Cu** salts on the aerobic oxidation of l-ascorbic 
acid (21). 

The reversible color changes of ascorbic acid oxidase observed in this 
investigation appear to be the first direct evidence of a reversible change 
occurring in the enzyme during its action upon l-ascorbic acid. Whether 
or not the changes are the result of a change in the oxidation state of the 
copper or merely an oxygenation of the copper protein is not known at 
present, nor has the ratio of the copper to the oxygen uptake been de- 
termined. An investigation of this phenomenon is now in progress in 
these laboratories. 

Nucleotide Question—Since 1939, Tadokoro and associates (22, 23) have 
described, in a series of communications, the chemical properties of crys- 
talline proteins possessing ascorbic acid oxidase activity, which were 
isolated from extracts of pumpkin, bean sprouts, and cauliflower. The 
crystalline material was found to have a low carbon content, a phosphorus 
content of about 1.2 per cent, and a nitrogen content (7 to 13 per cent) 
significantly lower than that found in most proteins. These observations, 
coupled with the fact that active solutions of the enzyme showed a strong 
adsorption of light at a wave-length of 260 my, led Tadokoro to advance 
the view that the crystalline enzyme was nucleoprotein in nature. 

Accordingly, it seemed advisable to examine one of the purified ascorbic 
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acid oxidase preparations employed in this investigation from the point of 
view of its nitrogen and phosphorus content. Enzyme 5 (see Table I) 
was employed for this purpose. The nitrogen content of this preparation 
was found to be 16.8 + 0.3 per cent (micro-Kjeldahl), a value in the 
range ordinarily found for proteins. The presence of phosphorus could 
not be demonstrated spectrographically, even though it was found in a 
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300 450 400 300 
‘11 
Fig. 2. Showing the extinction of a solution of ascorbic acid oxidase, Enzyme 5, 
containing 15,000 units per cc. (1330 units per mg. of protein) at various wave- 
lengths, determined in a Beckman spectrophotometer. 
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control experiment that a quantity of this element corresponding to 0.6 
per cent of the oxidase was easily detectable under the experimental 
conditions. As can be seen from Fig. 2, the purified enzyme showed an 
adsorption band at 276 my, which is typical of most proteins, and no 
evidence of a specific band at 260 my could be detected. 

In view of the above, it is clear that the purified ascorbic acid oxidase 
from yellow crookneck squash and the crystalline proteins isolated by 
Tadokoro differ greatly. Unfortunately, data are not available for a 
comparison of the specific activity (units per mg. of protein) of the two 
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enzymes, and Tadokoro apparently made no investigation of the copper 
content of the crystalline proteins. Furthermore, he has not supplied 
strong evidence that the crystalline proteins and the enzyme are identical. 
Unless it is assumed that ascorbic acid oxidases from different sources 
may differ markedly in molecular composition, the conclusion that 
ascorbic acid oxidase has been obtained in crystalline form (24) seems 
definitely premature. 


SUMMARY 


The results of this investigation support the view that ascorbic acid 
oxidase from the summer crookneck squash (Cucurbita pepo condensa) is a 
specific copper protein, blue-green in color, having a molecular weight in 
the neighborhood of 150,000 and containing 6 copper atoms per molecule. 
A homogeneous preparation, judging by electrophoretic and ultracentrifu- 
gation criteria, has been prepared for the first time. The blue-green 
color of the enzyme is dependent on the presence of oxygen and is re- 
versibly bleached by the addition of the substrate, /-ascorbic acid. 

The results are not compatible with the view that ascorbic acid oxidase 
activity can be explained in terms of ionic copper adsorbed to non-specific 
protein matter or other colloidal material such as calcium phosphate gel. 
No significant amounts of either calcium or phosphorus were found in the 
purified enzyme. It is also clear that the ascorbic acid oxidase of the 
yellow crookneck squash is not a nucleoprotein. 
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MECHANISM OF THE CONVERSION OF ORNITHINE INTO 
PROLINE AND GLUTAMIC ACID IN VIVO 
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That mice are able to transform dietary ornithine into the structurally 
related amino acids, proline and glutamic acid, has been shown by the 
finding of significant quantities of deuterium in samples of these amino 
acids isolated from mice fed ornithine labeled with deuterium (1). These 
conversions involve the loss of at least one of the amino groups of ornithine. 
The present work was undertaken to try to establish which amino group 
is lost and is a continuation of the study of the metabolic interconversions 
of the 5-carbon amino acids (2, 3). 

Two samples of pt-ornithine were prepared by syntheses so designed as 
to introduce N!* exclusively into the 6-amino group in the one case and 
into the a-amino group in the other. Each of these amino acids was 
mixed with the stock diet fed to mice, under conditions as nearly as possi- 
ble identical with those used previously when deuterioornithine was studied 
(1, 4). In each case, 0.8 mm of isotopic ornithine monohydrochloride per 
100 gm. of mouse per day was fed to seven mice for 9 days. The distri- 
bution of N™ in various fractions of the urine and carcasses of the mice 
was determined. A number of amino acids were isolated from the hydro- 
lyzed proteins and the extent to which the a- and the 6-amino groups of 
ornithine contributed nitrogen to each of these compounds was studied. 


EXPERIMENTAL 


Synthesis of pu-Ornithine Containing N'5 in 6-Amino Group—20 gm. of 
potassium phthalimide, stated to contain 31.0 atom per cent N’5 (Eastman 
Kodak), were treated with 100 gm. of trimethylene bromide by the method 
of Gabriel and Weiner (5). 18.8 gm. of recrystallized y-bromopropy]- 
phthalimide were obtained. 22.4 gm. of phthalimidomalonic ester, pre- 
pared from bromomalonic ester and non-isotopic potassium phthalimide 
(6), were converted into the sodium salt (7). This was condensed with the 
18.8 gm. of N'5-labeled y-bromopropylphthalimide by Sgrensen’s method 
(6), and the phthalimido-y-phthalimidopropylmalonic ester obtained was 
decarboxylated and the phthalyl and ethyl groups removed by hydrolysis 
in a mixture of boiling acetic and hydrochloric acids (8). The resulting 
ornithine was isolated as its monohydrochloride by alcohol precipitation 
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from an aqueous pyridine solution. The ornithine monohydrochloride, 
recrystallized from water-alcohol, had the following properties. 


C;H1;02N2Cl. Calculated, N 16.6; found, N 16.5; 15.6 atom % N'5 excess! 


5.43 gm. of ornithine hydrochloride were obtained, an over-all yield of 30 
per cent based on the N-potassium phthalimide used. | 

Synthesis of pt-Ornithine Containing N“ in a-Amino Group—The same 
methods were employed in the synthesis of the a-labeled ornithine except 
that the N!> was introduced into the phthalimidomalonic ester rather 
than the y-bromopropylphthalimide. 22.8 gm. of potassium phthalimide 
(31.0 atom per cent N'5) yielded 3.34 gm. of ornithine monohydrochloride, 
an over-all yield of 16 per cent. 


CsHi;02N2Cl. Calculated, N 16.6; found, N 16.4; 15.8 atom % N® excess 


Feeiling of pL-Ornithine Containing in 6-Amino Group—1.59 gm. of 
pL-ornithine monohydrochloride, containing 15.6 atom per cent N!® ex- 
clusively in the 6-amino group, were diluted with 0.59 gm. of non-isotopic 
pL-ornithine monohydrochloride. The resulting 2.18 gm. of ornithine 
monohydrochloride, containing 11.4 atom per cent N'5, were thoroughly 
mixed with 195 gm. of a stock diet (2). This mixture, moistened 
with water, was fed to seven adult, male white mice of the Swiss 
strain for 9 days and was completely consumed with very little spillage. 
The total weight of the seven mice was 178 gm. initially and 184 gm. at 
the end of the 9 day experiment. The mice were killed with ether, the 
gastrointestinal tracts removed and discarded, and the remaining carcasses 
minced and combined. 

Quantitative nitrogen and N!5 analyses were carried out on total urine, 
urinary ammonia and urea, carcass protein nitrogen, non-protein nitrogen, 
and amide nitrogen prepared as previously described (2). Samples of the 
tyrosine, glutamic acid hydrochloride, copper aspartate, proline, hydroxy- 
proline, and arginine monohydrochloride were isolated from the hydrolyzed 
protein fraction by methods previously used (2). The values obtained for 
N and N' are reported in Tables I and I. 

Feeding of pt-Ornithine Containing in a-Amino Group—The second 
experiment was carried out in the same manner as the first. 2.18 
gm. of ornithine monohydrochloride, containing 11.5 atom per cent N' 
exclusively in the a-amino group, were mixed with 195 gm. of the stock 
diet fed to seven mice for 9 days. The total weight of the mice was 170 
gm. initially and 177 gm. finally. The food was completely consumed 


1 The author is indebted to Mrs. Eleanor Schroeder and Mr. Frank Rennie for 
carrying out the N'® analyses. 
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except for a very small amount which was spilled into the urine. The 
analytical values obtained on the various fractions and compounds isolated 
are given in Tables I and II. 


TABLE I 
Quantities of Nitrogen Recovered in Each Major Fraction 
Facto | 
gm. gm. 
TABLE II 
Concentrations of N'* in Materials Isolated 
Compound analyzed sNivomithine | aNitornithive 
atom per cent atom per cent 
pu-Ornithine-HCI 11.4 11.5 
Xanthydrol urea from urine....................... 0.271 0.269 
Isolated from total proteins of mice 


i 


Excretion of p(—)-Ornithine in Urine—Since recovery of the urine from 
the cages in the preceding experiments was not entirely quantitative, a 
third strictly comparable experiment was carried out to investigate the 
extent of excretion of the unnatural isomer of ornithine. 424 mg. of 
pL-ornithine, containing 8.12 mg. of N'® in the a-amino group, were mixed 
with the stock diet fed to one mouse for 9 days. Collected urine, including 
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that from careful washing of the cage, was clarified, evaporated, and made 
up to a volume of 20 ml. The optical rotation of this solution, measured 
in a2 dm. tube with sodium light, was —1.56°. If this rotation is attrib- 
uted to free p(—)-ornithine [a]p = —11° (9), then a total of 142 mg., or 
67 per cent of the p antipode fed, was recovered in the urine. 

41 per cent of the total N!5 administered was found in the non-urea, 
non-ammonia fraction of the urine. On the basis of the levorotation of 
the urine, this fraction is assumed to be largely p(—)-ornithine and it may 
be estimated that a major part of the p component of the ornithine injected 
is excreted unmetabolized. 

Allocation of N'® in Nitrogen Atoms of Arginine—Part of the arginine 
isolated from the proteins of the mice in each of the two experiments was 
converted into a-toluenesulfonylarginine. This was then deamidinated by 
boiling in aqueous Ba(OH).; the NH; from the amidine group was collected 
and the a-toluenesulfonylornithine isolated and recrystallized. The N'® 
analyses of this amidine and ornithine nitrogen were the same as those 
obtained on samples prepared by direct alkaline deamidination of arginine 
and are given in Table II. 

The concentration of N'5 in the a-amino nitrogen of the arginine samples 
was obtained by analysis of the ammonia liberated from arginine treated 
with ninhydrin according to the method of MacFadyen (10). The N’5 
concentration in the 6-nitrogen is calculated from that in ornithine and 
that found in the a position. 

To investigate the specificity of this ninhydrin method for a-amino nitro- 
gen, samples of synthetic ornithine labeled exclusively in one or the other 
of the amino groups were treated with ninhydrin and the ammonia liberated 
collected by aeration into dilute H.SO, and analyzed for N'5. The results 
obtained indicate an average contamination of a- with 6-amino nitrogen 
of about 2 per cent. 


Results 


The quantities of nitrogen in the various fractions of the urine and 
carcass are given in Table I. From these figures it can be seen that the 
results obtained in the two parallel feedings of a-N-ornithine and the 
6-N'® compound are entirely comparable. 

Urine—There is reason to infer that the p(—) component of the pL- 
ornithine fed was in good part excreted in the urine. The concentration 
of N?* in total urinary nitrogen was in both experiments more than twice 
that in the urea nitrogen (Table II), and the urine exhibited a definite 
negative rotation. From the results of a third parallel experiment, in 
which urine was recovered with greater care, it is estimated that approxi- 
mately 70 per cent of the p(—)-ornithine was excreted unmetabolized. 
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The a-amino group of ornithine was found to contribute to the urinary 
ammonia to a somewhat greater extent than did the 6-amino group. This 
may be the result of renal p-amino acid oxidase activity on the unnatural 
isomer (11). 

Arginine—It was found that dietary ornithine was well incorporated into 
the arginine of the body proteins. On the basis of N'5 values about 6.5 
per cent of the ornithine moiety of body arginine was derived in 9 days 
from dietary ornithine. Similar calculations from deuterium analyses 
(4) indicated that 7.5 per cent of the carbon skeleton of arginine had been 
derived from dietary deuterioornithine. 

The isolated arginine samples were degraded so as to establish the con- 
centration of N!5 in each of the nitrogen atoms. The analytical figures 


TABLE III 
Contributions of a- and 8-Nitrogen Atoms of Ornithine to Related Amino Acids 
N derived from 3-N | N derived from a-N 
of ornithine of ornithine 
per cent per cent 
Arginine 


for these and the other amino acids studied (Table II) have been expressed 
in Table III as the percentage of nitrogen derived from each of the amino 
groups of ornithine. The amidine group of arginine derives nitrogen from 
both amino groups of ornithine, slightly more arising from the 6 than from 
the a position. The a-amino group of ornithine does not contribute any 
appreciable amount of nitrogen to: the 6-amino group, nor conversely does 
the 5- contribute to the a-amino group. 

These findings argue against the occurrence of any quantitatively im- 
portant process which would effect a redistribution of nitrogen between 
the two positions of ornithine. 

Proline, Glutamic Acid, and Other Amino Actds—N'* was found in the 
isolated proline and the glutamic acid from both experiments, but the 
relative values were strikingly different. Proline derives considerably 
more of its nitrogen from the a- than from the 6-amino group of ornithine. 
Glutamic acid, on the other hand, derives more of its nitrogen from the 
5- than from the a-amino group of ornithine. 
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In each experiment, the N!5 concentration of the hydroxyproline isolated 
was about one-third as high as that in the proline, a finding consistent with 
the demonstrated extensive biological conversion of proline into hydroxy- 
proline (2). The aspartic acid in each case had about three-quarters as 
high a concentration of isotope as was found in the corresponding glutamic 
acid, a result similar to that obtained after the feeding of a variety of N'5- 
labeled amino acids and NHs3. 


DISCUSSION 


There are two major fates of ornithine in the mammalian organism. 
With the first of these, the essentially catalytic réle of ornithine in urea 
production, the present study is not concerned beyond the simple con- 
firmation of the extensive conversion of dietary ornithine into tissue argi- 
nine. It is with the second fate, the deamination, cyclization, and oxida- 
tion of ornithine, that the present experiments are concerned. 

The results considered together indicate that the most important initial 
step in the oxidation of ornithine involves the selective removal of the 
5-amino group. This view is supported by the finding that the 6-nitrogen 
of ornithine contributed to glutamic and aspartic acids, representing the 
pool of labile amino groups, to a greater extent than did the a-nitrogen. 
That much of the a-nitrogen is selectively retained in the course of cycli- 
zation of ornithine is demonstrated by the magnitude of the contribution 
from N initially in this position to proline and to hydroxyproline derived 
from it. Furthermore, since the concentration of N!* in the proline iso- 
lated after the feeding of a-labeled ornithine exceeded that of the corre- 
sponding sample of glutamic acid, a fairly direct incorporation of a-nitrogen 
of ornithine into proline is inferred. 

The nature of the initial product derived from ornithine is a matter of 
speculation. Whereas direct deaminative cyclization of ornithine to pro- 
line, with loss of the 6-nitrogen atom to the pool of labile amino groups, 
cannot be ruled out on the present evidence, there is reason to suspect the 
occurrence of the semialdehyde of glutamic acid, or its probable metabolic 
equivalent, pyrrolinecarboxylic acid (Fig. 1), as an intermediate. Thus 
Taggart and Krakaur (12) have isolated a 2,4-dinitrophenylhydrazone 
presumed to be that of glutamic acid semialdehyde after the partial oxi- 
dation of proline by a cyclophorase system. Cedrangolo, Leone, and 
Guerritore (13) have reported that liver and kidney slices convert ornithine 
as well as proline to glutamic acid more rapidly than to a-ketoglutaric acid 
and cite this as evidence in support of glutamic semialdehyde rather than 
a-keto-6-aminovaleric acid as the likely intermediate. Reduction of the 
pyrrolinecarboxylic acid (Fig. 1) would readily give rise to proline. 

Krebs’ (11) finding, that a-keto-é-aminovaleric acid was the product 


M. R. STETTEN 505 


formed when kidney p-amino acid oxidase acted upon both p(+)-proline 
and p(—)-ornithine, has suggested that this compound may be the inter- 
‘mediate intervening between ornithine and proline. In the present experi- 
ment it was found that the 6-amino group of ornithine also contributed 
to the nitrogen of proline. In this case, however, when 6-labeled ornithine 
was fed, the proline isolated was poorer in isotope than was the isolated 
glutamic acid. Thus, whereas the intermediate favored by Krebs cannot 
be eliminated as representing a quantitatively minor pathway for the 
conversion of ornithine to proline, it appears plausible to assume that much 


NH, +CH,-CH,-CH,-CH-COOH <—> Arginine 
Ornithine NH, 


amino groups CH-COOH cH CH-COOH 
glutamic acid, 2 
aspartic acid 2 Pyrroline 

(sas Glutamic semiaidehyde Carboxylic acid 
(si (+21) a 
\ |x) 
Glutamic acid H —" 
Hydroxyproline 


Fic. 1. Metabolic interconversions of 5-carbon amino acids. Hypothetical in- 
termediates are enclosed in brackets. 


of the observed incorporation of isotope from the 6 position of ornithine 
into proline proceeded via glutamic acid. Such a pathway becomes avail- 
able if it is assumed that the intermediate glutamic semialdehyde arises 
also by the reduction of glutamic acid. 

Glutamic acid derives nitrogen from both the a- and the 6-amino groups 
of ornithine. As previously pointed out, the larger contribution from the 
5-group of ornithine is pictured as coming from the initial loss of nitrogen 
from this position of ornithine. The’smaller contribution from the a-group 
of ornithine is postulated as arising chiefly from the limited oxidation of 
the common intermediate, glutamic semialdehyde, a portion of which has 
arisen from ornithine. Some of the nitrogen of glutamic acid may, of 
course, have arisen by initial deamination of ornithine in the a@ position, 
but such a reaction, if it occurs, is quantitatively of less importance. 
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From the semiindispensable nature of arginine in the diets of mammals 
(14), it may be concluded that the biosynthesis of ornithine is a slow pro- 
cess. Some, however, has been shown to be synthesized from proline 
(2). In so far as ornithine is synthesized according to the present scheme 
(Fig. 1), it would derive its 6-nitrogen atom from glutamic semialdehyde 
which is pictured as arising in large part from glutamic acid. It would 
derive its 6-nitrogen atom by reductive amination from the pool of labile 
amino groups, of which glutamic acid is the most prominent member. 
When an indifferent amino acid containing N" is fed, one would expect to 
find approximately the same concentrations of isotope in both nitrogen 
atoms of such ornithine as is synthesized, both arising from the same pool. 
The results of Shemin and Rittenberg (15), who found an even distribu- 
tion of isotope in the two positions of ornithine when N?!5-labeled glycine 
was fed, can thus be explained without invoking the cyclic intramolecular 
nitrogen shift that these authors have proposed. ‘Their postulated mecha- 
nism requires that ‘‘every nitrogen atom in the 6 position [of ornithine] 
passes through the a position.”’ This would require that, in so far as 
ornithine is synthesized in the mouse receiving a-N'5-ornithine, isotopic 
nitrogen would be delivered from the a to the 6 position undiluted by any 
other body nitrogen, while, according to the scheme in Fig. 1, the nitrogen 
appearing in the 6 position will have been enormously diluted by the pool 
of labile amino groups. The finding of no detectable trace of isotope in 
the 6 position of the ornithine moiety of arginine after the feeding of a- 
labeled ornithine for 9 days argues against the occurrence of a cyclic intra- 
molecular shift. 

All the findings cited, as well as the present experiments, are in con- 
formity with the view that the major initial product of ornithine oxidation, 
and the common intermediate between ornithine, proline, and glutamic 
acid, is glutamic semialdehyde or some compound equivalent to it. The 
results indicate that this product arises in large part from glutamic acid 
and that in the mammal it proceeds to ornithine to a very limited extent. 
The present results further suggest that the intermediate goes to proline 
more readily than to glutamic acid. 


SUMMARY 


The metabolic fate of the a- and the 6-amino nitrogens of ornithine has 
been studied by parallel feedings to mice for 9 days of samples of pL-orni- 
thine labeled with N?’*® uniquely in the a or in the 6 position. 

Much of the unnatural isomer was excreted in the urine. Similar con- 
tributions were made by each of the two amino groups to tissue protein 
N, non-protein N, amide N, urinary N, and urea. About 6.5 per cent of 
the tissue arginine was found in both cases to have arisen from dietary 
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ornithine in 9 days. Only an insignificant trace of N'® was found in the 
a-amino group of tissue arginine when 6-N-ornithine was fed and in the 
§-amino group when a-N?5-ornithine was given. 

The a-amino group of ornithine contributed extensively to proline and 
hydroxyproline and to a lesser extent to glutamic and aspartic acids. The 
6-amino group contributed more extensively to glutamic acid than to pro- 
line. These results are taken as an indication that the most important 
initial step in the breakdown of ornithine involves the preferential loss of 
the 6-N to the pool of labile amino groups, giving an intermediate, pre- 
sumably glutamic semialdehyde, which on cyclization and reduction is 
converted to proline. 
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THE METABOLISM OF RADIOACTIVE STRONTIUM IN ADULT, 
YOUNG, AND RACHITIC RATS* 
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The radioactive isotopes of strontium make up an important fraction of 
the products of nuclear fission (1). Because of their long half lives and 
specific localization in bone, they present a serious health hazard, and 
even relatively small amounts of Sr® have been found to induce bone 
tumors in experimental animals (2). The ease with which strontium is 
absorbed from the intestinal tract increases the danger from contaminated 
food or water. 

In addition, radioactive strontium has been extensively used as a tracer 
for the study of calcium metabolism. Pecher (3) was the first to demon- 
strate the close similarity in the biological behavior of radioactive isotopes 
of these two alkaline earths. Radiostrontium has been used as an indi- 
cator for calcium in investigating the effects of growth hormone (4), 
parathormone (5), and rickets (6). 

In the following experiments, a study has been made of the deposition 
of radiostrontium in the skeleton and its elimination by the kidney, par- 
ticularly during the critical first 24 hours after parenteral administration. 
Jones and Copp have reported earlier a preliminary study covering the Ist 
hour (7). Three types of animals were used: mature adult rats in which 
skeletal growth had ceased, young rapidly growing rats in which there was 
active new bone formation, and young animals with low phosphorus 
rickets in which, despite formation of osteoid tissue, actual calcification 
does not occur. 


EXPERIMENTAL 


The radiostrontium used was carrier-free and consisted of a mixture of 
Sr®* and Sr®° formed by nuclear fission. Since Sr* decays to a radioactive 


* This paper is based on work performed under contract No. W-7405-eng-48-A-I 
of the University of California with the United States Atomic Energy Commission. 
The authors are indebted to Freeke van Nouhuys Kohl, J. G. Hamilton, and Ruth 
Lerner for valuable assistance in conducting these experiments. 

t Present address, Division of Biology and Medicine, United States Naval Radio- 
logical Defense Laboratory, San Francisco 24. 

t Present address, Department of Physiology, University of British Columbia, 
Vancouver, Canada. 
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daughter, Y®, with a 60 hour half life, all samples were held for 24 days 
before counting so that equilibrium might be attained, and any Y°° present 
at the time of the experiment would have decayed. A dose of approxi- 
mately 5 ue. of radiostrontium in 0.25 ml. of neutral isotonic saline was 
injected intraperitoneally into each animal. A total of 112 animals was 
used. They were all female rats of the Long-Evans strain. The adult 
animals were 5 to 6 months old and ranged in weight from 235 to 320 gm. 
They were raised and maintained on the regular stock diet (7). The 
young animals were 51 days old at the time of the experiment and 
ranged in weight from 79 to 109 gm. They were also maintained on the 
stock diet. 

The rachitic rats were prepared according to the method described by 
Coleman et al. (8). They were weaned at 21 days and restricted to a diet 
which was very low in phosphorus (0.015 per cent P). At the end of 30 
days, the animals were x-rayed, and those showing +3 or +4 rickets were 
selected for the experiment. ‘These animals ranged in weight from 50 to 
80 gm. 

After injection of the radiostrontium, the animals were placed in large 
beakers with screens at the bottom which permitted separate collection of 
urine and feces. They were sacrificed with chloroform at time intervals 
from 5 minutes to 72 hours after administration of the isotope. A terminal 
blood sample was withdrawn from the inferior vena cava in a heparin- 
rinsed syringe. ‘This sample was centrifuged, and an aliquot of plasma was 
taken for determination of radiostrontium. The total amount of radio- 
strontium in plasma was estimated by using the value of 2.4 per cent of 
body weight, reported by Berlin et al. (9). The bladder was opened, and 
its contents were rinsed into the urine collected in the beaker; thus the total 
amount of radiostrontium excreted by the kidney could be determined. 
The femur and the residual carcass were dried and ashed in a muffle 
furnace at 650° for 10 hours. The ash was dissolved in 2 n HCl and 
diluted to volume, and a suitable aliquot was taken for determination of 
radiostrontium. 

The amount of radiostrontium present in the skeleton at 24 hours was 
determined as follows: The animals were skinned and eviscerated, leaving 
only muscle and skeleton. The small amount of radiostrontium in a 
sample of muscle was measured, and from this the quantity in the total 
musculature was computed from the ratio of muscle to body weight re- 
ported by Donaldson (10). This was subtracted from the value for the 
eviscerated carcass to give the amount of radiostrontium in the skeleton 
alone. The correction was quite small in all cases. The ratio of radio- 
strontium in the femur to radiostrontium in the total skeleton was found 
to be quite similar in all animals and amounted to 0.040 in the adult ani- 
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mals, 0.044 in the young normals, and 0.042 in the rachitic rats. These 
ratios were used to estimate the radiostrontium present in the total skeleton 
from the values obtained for the femur. 


RESULTS AND DISCUSSION 


The results, given in Table I, show the per cent of the administered 
dose of radiostrontium in plasma (calculated), femur, skeleton (calculated), 
and urine at various intervals after its administration. The plasma clear- 
ance of radiostrontium by the kidney is also given. ‘The data for the three 
groups of animals are shown graphically in Figs. 1 to 3. Each point repre- 
sents the average of three to ten animals. 

The plasma level rises during the first 15 minutes, as the radiostrontium 
is absorbed from the peritoneal cavity. It then falls rather rapidly in the 
young and rachitic animals, more slowly in the adults. Indeed, the plasma 
radiostrontium in the latter remains 5 to 10 times higher than in the 
younger animals. This may be explained by slower removal by skeleton 
and kidney. 

As was observed by Norris and Kisielski (11), radiostrontium rapidly 
concentrates in the skeleton. The uptake was continuous in the adult 
animals up to 2 hours and reached a maximum value at 2 to 4 hours. 
This may be accounted for by ion exchange with bone salt (12). In young 
animals, the initial rate of uptake was 5 times as great, and the maximum 
was reached within 30 minutes. The radiostrontium remained fixed in the 
skeleton, and very little loss was observed even 4 to 8 days after injection 
(13). It is probable that this rapid uptake and fixation are associated 
with incorporation of the strontium in the newly formed bone salt. 

The same initial rapid uptake was observed in the rachitic animals, and 
the maximum reached was similar. However, this was followed by active 
removal from the skeleton; thus at the end of 24 hours, less than one-third 
of the radiostrontium present at 1 hour remained in the bones. This was 
associated with a tremendous excretion of radiostrontium in the urine. 
New bone salt is not formed in these rachitic animals; therefore radio- 
strontium cannot be incorporated in this form, although ion exchange 
with existing bone salt may take place, as it does in the adult. The evi- 
dence suggests that the initial rapid uptake is due to a labile combination 
with bone, from which the radiostrontium is readily released in the rachitic 
animal. This may be a step in the calcification process, to be followed in 
the normal animal by incorporation in new bone salt. 

In the young animal, very little radiostrontium was lost in the urine, in 
contrast to the rachitic rats, in which a large part of the dose was eliminated 
by this route within 24 hours. Plasma clearances were calculated by 
dividing the excretion rate (determined graphically) by the radiostrontium 


512 METABOLISM OF RADIOACTIVE STRONTIUM 


level in the plasma. Since there was great divergence in the weights of the 
animals in the different groups, consistency was obtained by expressing 
the clearance as the per cent of the total blood plasma “‘cleared”’ of radio- 


TABLE | 
Distribution and Excretion of Radiostrontium in Adult, Young, and Rachitic 
Rats during First 72 Hours after Injection 
The figures are mean values for three to ten animals + the standard error. 
Standard error = +/ d?/n(n-1). 


No. 
ma 
per cent 
per cent dose per cent dose per cent dose per cent dose plasma 
per min. 
Adult 5min.| 4 + 0.3 0.13 + 0.01) 3.2 + 0.3 
156 “ 3 6.6 + 0.2 0.42 + 0.02; 10.5 + 0.5) 0.8 + 0.2 
es 314.7 + 0.2 |0.67 + 0.02} 16.8 + 0.44 0.624 0.2) 1.2 
1 hr. 4 |\3.4 + 0.4 |1.06 + 0.18) 26.5 + 4.44 2.824 0.9) 1.1 
Z2hrs.| 4 /|2.9 + 0.1 |2.35 + 0.02) 56.2 + 0.4, 8.4 4 2.7 1.2 
= 4 + 0.2 |2.68 + 0.02; 68.0 + 0.6) 4.2 4+ 0.8) 0.8 
en 4/1.1 + 0.1 |2.56 + 0.09) 64.0 + 2.3) 13.1 4 2.6) 0.8 
+ 0.2 |2.64 + 0.14 66.1 + 3.4) 13.9 + 1.2 1.1 
411.0 + 0.2 |2.47 + 0.11) 61.8 + 24.3 + 3.4 
— 5 1.63 + 0.06) 40.6 + 1.4) 26.4 + 1.3 
Young 5min.| 3 |/3.7 + 0.2 0.73 + 0.08) 16.6 + 1.9 
3 13.2 + 0.4 |1.94 + 0.09) 44.0 + 2.0) 1.44 1.0 
30. “ 411.7 + 0.2 |2.92 + 0.08) 66.3 + 1.8) 3.02 0.9) 0.8 
1 hr. 410.9 + 0.1 |2.84 + 0.06) 64.4 + 1.3) 1.2 + 0.2) 1.2 
2 hrs 8 10.24 + 0.01/3.04 + 0.32) 68.9 + 7.2) 1.92 0.3) 2.7 
7 (0.22 + 0.02/3.07 + 0.29) 69.7 + 6.55 2.024 0.7, 1.1 
9 |0.3 + 0.07)3.08 + 0.31; 70.0 + 3.0+0.0| 0.8 
8 + 0.02'2.74 + 0.26; 62.0 + 6.0) 2.024 0.5) 2.5 
24 “ | 4 10.05 + 0.01'3.42 + 0.39] 77.5 + 8.8 5.0 + 0.7 
> Satie 5 3.01 + 0.09) 68.5 + 2.1) 13.5 + 2.1 
Rachitic | 30 min.| 5 |1.6 + 0.2 |2.85 + 0.22) 67.9 + 5.2) 9.924 1.9) 12.3 
lhr. | 10 0.8 + 0.1 |3.04 + 0.13) 72.3 + 3.1) 18.6 + 1.6) 20.3 
4 hrs 5 10.24 + 0.04'2.54 + 0.32; 60.6 + 7.5 28.14 5.8 10.6 
ie 5 0.16 + 0.041.64 + 0.06) 39.0 + 1.4 42.7 + 3.6, 11.4 
3 10.16 + 0.08)1.40 + 0.24) 33.2 + 5.8) 39.9 8.7) 14.7 
Flees 5 0.05 + 0.01:0.92 + 0.21) 21.8 + 4.9 58.6 + 2.8 
— 5 0.69 + 0.17, 16.3 4 4.1) 81.3 4 7.4 


strontium by urinary excretion per minute, rather than the more usual ml. 
of plasma ‘“‘cleared’”’ per minute. 

Plasma clearance was similar in both young and adult normal animals, 
with approximately 1 per cent of the blood plasma “cleared” per minute. 
In the rachitic rats, the plasma clearance was 10 to 15 times greater than 
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Fic. 1. Distribution and excretion of radiostrontium in adult female rats after 
intraperitoneal administration. 
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Fig. 2. Distribution and excretion of radiostrontium in young female rats after 
intraperitoneal administration. 
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Fic. 3. Distribution and excretion of radiostrontium in young rachitic female 
rats after intraperitoneal administration. 


io/ . 
80; NORMAL YOUNG RATS : 
KELETON 
6 
=) 
324 
+ 
| 
20 
10 
Osi a 3 
70; 
60: 
uJ 
URINE 
50. 
8 | 
0 | 
* SKELETON 
= 30 : 
re) 
XUM 


514 METABOLISM OF RADIOACTIVE STRONTIUM 


in the normals, indicating a direct effect of this condition on the excretion 
of radiostrontium by the kidney. This may be associated with the low 
level of inorganic phosphate in the blood of these animals (8). 


SUMMARY 


1. The metabolism of carrier-free radiostrontium was studied in adult, 
young, and rachitic rats during the critical first 24 hours after intra- 
peritoneal injection. 

2. Radiostrontium is removed from the plasma much more slowly in 
the adult animals than in the other two groups. 

3. The uptake of radiostrontium by adult bone is continuous for the 
first 2 hours and reaches a maximum within 4 hours. 

4. Skeletal uptake of radiostrontium is much more rapid in the young 
animals, reaching a maximum within 30 minutes. The deposited isotope 
appears to remain fixed in the bone. 

5. In rachitic rats, the rapid initial uptake was similar to that in the 
normal young animals, but was followed by active loss from the skeleton; 
thus only one-third was left at 24 hours. This suggests a labile combina- 
tion with bone. 

6. A large part of the dose of radiostrontium was excreted by the rachitic 
rats within the first 24 hours, and the plasma clearance was 10 to 15 times 
as great as in the normal animals. This may be due to a direct effect of 
rickets on excretion by the kidney. 
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THE INFLUENCE OF FOLIC ACID ON METHIONINE 
METABOLISM* 


By JAMES S. DINNING, CECILIA K. KEITH, ann PAUL L. DAY 


(From the Department of Biochemistry, School of Medicine, University of 
Arkansas, Little Rock, Arkansas) 


(Received for publication, November 28, 1950) 


We have previously suggested that folic acid functions in the choline 
oxidase enzyme system (1, 2). It has also been suggested that folic acid 
is involved in creatine synthesis (3). These observations made it desir- 
able to study the effects of folic acid on methylation reactions of chick 


: tissues, and to study the influence of dietary betaine, methionine, and 


creatine on the syndrome of folic acid deficiency in the chick. 


EXPERIMENTAL 


) 1 day-old white Leghorn chicks were housed in metal battery brooders 


mg., and vitamin By: (rubramin) 0.005 mg. 


and given the experimental diets and water ad libitum. The basal diet 
consisted of vitamin-free casein (Labco) 25 gm., gelatin 10 gm., corn 
starch 52.4 gm., cellulose 3 gm., hydrogenated vegetable oil 3 gm., cod 
) liver oil 1.3 gm., salts (4) 5 gm., L-cystine 0.3 gm., MnSO,-4H;0 0.1 gm., 
: choline chloride 0.2 gm., thiamine chloride 0.5 mg., riboflavin 0.8 mg., 
pyridoxine hydrochloride 0.6 mg., 2-methyl-3-hydroxy-4-carboxy-5- 
hydroxymethylpyridine lactone 0.05 mg., calcium pantothenate 1.1 mg., 
nicotinic acid 2.0 mg., 7-inositol 5.0 mg., p-aminobenzoic acid 15.0 mg., 
2-methylnaphthoquinone 0.005 mg., a-tocopherol 24.0 mg., biotin 0.01 


One group of chicks received this basal diet without supplement; four 
other groups were given the basal diet supplemented with 200 y of folic 
acid per 100 gm., 0.4 per cent betaine, 0.4 per cent pL-methionine, and 
: 0.4 per cent creatine, respectively.. The chicks were weighed weekly for 
4 weeks; after 4 weeks on the diets, complete blood counts were made 


, and the chicks receiving the basal diet and the basal diet supplemented 


with folic acid were sacrificed for the experiments to be described. 


The chicks were killed by decapitation. The livers and kidneys were 


removed and homogenized with 0.05 m phosphate buffer at pH 7.8 in a 


York, and the vitamin B,: (rubramin) by E. R. Squibb and Sons, New York. 
515 


Potter-Elvehjem apparatus for measurement of choline oxidase. Liver 


* Research paper No. 921, Journal Series, University of Arkansas. This investi- 
gation was supported in part by a research grant from the National Institutes of 
Health, United States Public Health Service. The folic acid was supplied by the 
Lederle Laboratories Division, American Cyanamid Company, Pearl River, New 
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tissue was homogenized with 6.5 times its weight of the buffer; kidney 
was homogenized with 5 times its weight of buffer. Oxygen consumption 
was measured at 37.5° in the Warburg apparatus with air in the 
gas phase. The flasks contained 1 ml. of the tissue preparation and 1 
ml. of the buffer. 5 mg. of choline chloride were added to certain flasks, 
whereas other flasks were used to measure endogenous oxygen consump- 
tion and did not contain added substrate. The final volume was 3.0 ml. 
After a 15 minute equilibration period the substrate was tipped in and 
readings were taken at 10 minute intervals for 40 minutes. Since oxygen 
consumption was linear for 20 minutes, the 20 minute reading was mul- 
tiplied by 3 to estimate oxygen consumption per hour. 

The livers were homogenized with 1.5 times their weight of the phos- 
phate buffer in order to estimate the rate of methionine forma- 
tion. Livers from two deficient chicks were pooled for each experiment; 


a single liver from a replete chick was used. The reaction flasks were © 


20 ml. bottles, to which were added 1 ml. of the liver homogenate and 
2 ml. of the phosphate buffer (pH 7.8). Various combinations of pL- 
homocysteine monohydrochloride, pt-homocystine, choline chloride, and 
betaine were added in concentrations given in Table III. Water was 
added to make a final volume of 4.7 ml. The bottles were stoppered 
with 2-hole rubber stoppers and were connected by means of glass 
tubing. ‘They were placed in a tray designed to fit a Warburg bath. 
The gas mixture of 95 per cent O.-5 per cent CO, was passed through the 
system vigorously for 15 minutes and then reduced to maintain a slight 
positive pressure. The flasks were incubated at 37.5° with shaking for 
3 hours. After the incubation period, 0.3 ml. of 100 per cent trichloro- 
acetic acid was added to each flask, and after 15 minutes these were cen- 
trifuged. Methionine was determined on 2.0 ml. aliquots of supernatant 
liquid by Dubnoff’s (5) modification of the McCarthy-Sullivan reaction 
(6). 

The same experimental technique was utilized to study the effect of 
folic acid in vitro. 100 y of folic acid in a freshly prepared solution were 
added per flask to the incubation mixture. 

In the experiments designed to measure methionine destruction, 1 mg. 
of p- or L-methionine was incubated with liver under exactly the same 
conditions as were used to measure formation. ‘The diminution in the 
McCarthy-Sullivan reaction as a result of incubation was used to measure 
the rate of methionine disappearance. All incubations were carried out 
in duplicate. 


RESULTS AND DISCUSSION 


The effects of folic acid deficiency on growth and peripheral blood cells 
are illustrated in Table I. Of the supplements tested, only folic acid was 
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effective in alleviating the deficiency symptoms. Table II presents data 
which illustrate the effect of folic acid deficiency on choline oxidase activ- 
ity of chick livers and kidneys. Livers from deficient chicks exhibited 
a reduced choline oxidase. Kidney choline oxidase was not significantly 
reduced by folic acid deficiency. 

The influence of folic acid deficiency on the ability of chick liver to 
form methionine is shown in Table III. Deficient chicks formed methi- 
onine from added choline or betaine at a reduced rate. The reduction 


TABLE I 
Effects of Various Supplements on Body Weight and Hemogram of Chicks Receiving 
Folic Acid-Deficient Diet 
Data obtained after 4 weeks on the diets. 


: No. of Average | Average | Average | Average 
em | | mh 
14 298 22.1 2.41 8.1 
Botaine, gi... 20 126 7.9 1.09 4.5 
pt-Methionine, 0.4 gm................. 20 125 8.3 1.20 4.9 
Creatine, 0.4 gm..... 20 124 5.7 1.06 4.2 


TABLE II 
Effects of Folic Acid Deficiency on Chick Liver and Kidney Choline Oxidase 


The data are mean values with ranges in parentheses from six experiments utiliz- 
ing livers from twelve deficient and six replete chicks. 


Qos choline 
Liver Kidney 
Folic acid-deficient..................... 3.0 (2.4-3.3) 4.4 (3.2-4.8) 
Folic acid-replete....................... 4.2 (3.6-5.7) 4.8 (3.9-6.0) 


due to folic acid deficiency was most pronounced when choline was added 
as the methyl donor. This is in agreement with the observation that 
the livers from deficient chicks oxidized choline at a reduced rate and is 
further support for Dubnoff’s hypothesis that the methyl groups of cho- 
line are not labile and become so only when the choline has been con- 
verted to betaine (5). 

The influence of folic acid added in mtro on methionine formation is 
illustrated in Table IV. Methionine formation was enhanced by the 
addition of folic acid to livers from replete chicks but no increase in the 
rate of methionine formation was observed when folic acid was added to 
the incubations with livers from folic acid-deficient chicks. This sur- 
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prising observation may indicate that the effect of folic acid an vivo on 
methionine formation is by a different mechanism than the effect zn vitro. 
Folic acid in vitro has consistently enhanced the rate of methionine for- 
mation by rat liver homogenates. Although the magnitude of the effect 


TABLE III 


Influence of Folic Acid Deficiency on Rate of Methionine Formation by Chick Liver 
Homogenates 


Micrograms of methionine formed per 100 mg. of dry weight of liver per hour. 


pL-Homocysteine monohydrochloride (25.5 mg. per cent), and 


Experiment No. Choline chloride (51 mg. per cent) Betaine (51 mg. per cent) 


Folic acid-deficient Folic acid-replete Folic acid-deficient | Folic acid-replete 


I 8.2 21.8 11.6 35.7 
II 3.5 24.6 22.6 29.8 
Iil 12.6 47.0 31.5 63.0 


pL-Homocysteine monohydrochloride (127.5 mg. per cent), and 


Choline chloride (255 mg. per cent) Betaine (255 mg. per cent) 
IV 19.5 | 35.6 49.2 | 70.4 
Choline chloride (51 mg. per cent) | _Betaine (31 mg. per cent) 
Vv 8.0 | 14.9 | 17.5 | 33.9 


pL-Homocystine (127.5 mg. per cent), and 


Choline chloride (51 mg. per cent) | Betaine (255 mg. per cent) 
VI 
TABLE IV 


Influence of Folic Acid in Vitro on Rate of Methionine Formation by Livers from 
Folic Acid-Deficient and Folic Acid-Replete Chicks 
The results are measured in micrograms of methionine formed per 100 mg. of 


dry weight per hour. Substrate concentrations, mg. per cent: DL-homocysteine 
monohydrochloride 25.5, choline chloride 51, betaine 51. 


Methyl! donor 
Choline Betaine 
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has been variable, it was in general considerably greater than the effect 
observed with livers from folic acid-replete chicks. 

Table V presents data showing the rate of destruction of p- and L- 
methionine by livers from deficient and replete chicks. These data are 
averages of results obtained from two experiments utilizing pooled livers 
from six deficient and four replete chicks. Methionine was destroyed at 
an appreciable rate by chick liver and slightly more rapidly by the defi- 
cient chick livers. This rate of destruction of L-methionine could result 
in the daily destruction of a quantity of methionine equal approximately 
to the daily requirement. These observations may suggest a rather rapid 
turn-over rate for methionine in metabolism. Totter et al. (7) have sug- 
gested that folic acid deficiency may result in an elevated amino acid 
oxidase activity. 


TABLE,V 
Rate of Destruction of p-Methionine and u-Methionine by Livers from Folic Acid- 
Deficient and Folic Acid-Replete Chicks 


The results are measured in micrograms of methionine destroyed per 100 mg. 
of dry weight per hour. 


p-Methionine t-Methionine 


The data presented in this paper suggest that folic acid is involved in the 
conversion of choline to betaine and in transmethylation from betaine to 
methionine. Data have been presented which indicate that vitamin By, 
functions in methionine formation (8). Thus both of these vitamins may 
function in methylating processes. The observation that dietary supple- 
ments of betaine, methionine, or creatine did not substitute for folic acid 
may be an indication of multiple metabolic functions for this vitamin, or 
they may be a further acoencasinil of the cyclic nature of the metabolic 
processes involved. 


SUMMARY 


Livers from folic acid-deficient chicks oxidized choline at a reduced rate 
and exhibited a reduced ability to form methionine from homocysteine 
or homocystine in the presence of added choline or betaine. Chick kidney 
choline oxidase was not significantly reduced in folic acid deficiency. Diet- 
ary supplements of betaine, methionine, or creatine did not alleviate the 
syndrome of folic acid deficiency in the chick. The addition of folic acid in 
vitro enhanced the rate of methionine formation by folic acid-replete chick 
livers but not by folic acid-deficient chick livers. 
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THE METABOLIC ACTIVITY OF THE a-HYDROGEN ATOM OF 
LYSINE* 


By I. CLARK D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, November 6, 1950) 


The essential nature of lysine for growth and maintenance has been 
known since the concept of essential amino acids was elaborated some 
37 years ago (1). However, the only known function in which lysine 
participates is in the formation of proteins. It differs from the other 
a-amino acids in that alteration of the natural L configuration (2), replace- 
ment of the a-amino group by a keto or hydroxy group (3, 4), or even 
acetylation (5) results in products which are not utilizable for growth. 
Furthermore, though its a position is subject to metabolic degradation, 
L-lysine is not involved in a reversible deamination-reamination reaction 
(6), is not attacked by L-amino acid oxidase (7), is not involved in the 
transaminase system (8), and is not deaminated by surviving tissue to an 
appreciable extent (9). It has long been considered that other amino 
acids are metabolically in equilibrium with their corresponding keto acids 
(10) through processes which result in the loss of a-hydrogen. There is 
some evidence that labilization of the a-hydrogen does occur without any 
concomitant loss of nitrogen when some amino acids are incubated with 
transaminase (9, 11, 12). 

Recently it has been demonstrated, both for glycine and leucine, that 
the a-hydrogen atoms are, in the intact animal, replaced more rapidly 
than the nitrogen of the amino group (13). Results similar to these are 
found when L-a-amino-y-phenylbutyric acid is fed to rats in conjunction 
with heavy water. Although the excreted L-a-N-acetylamino-y-phenyl- 
butyric acid lost only a small portion of its N"5, 1 atom of deuterium had 
entered into the a position (14). The interpretation of these experiments 
is somewhat complicated by the fact that in these cases the amino acid 
can be formed from the corresponding keto acid. Since lysine is not in- 
volved in any reversible deamination-reamination reaction, it seemed 
ideally suited to investigate this phenomenon of the labilization of the 
a-hydrogen. None of the previous experiments with lysine containing 

* This work was supported by a gift from the Merck Institute for Therapeutic 
Research. 

t Submitted by Irwin Clark in partial fulfilment of the requirements for the de- 
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N'® and deuterium excluded the possibility that lysine, either as the free 
amino acid or while in a protein, underwent a reversible dehydrogenation 
to an imino acid. 

To investigate the behavior of lysine in these respects, L-lysine labeled 
with N® and deuterium in the a position was synthesized and fed to rats. 
It was found that the D:N*® ratio in the lysine isolated from the tissues 
was very nearly the same as that fed. | 


EXPERIMENTAL 


Synthesis of pu-Lysine Containing a-N and a-Deuterium—e-Benzoy]- 
amino-a-chlorocaproic acid was synthesized according to Galat (15). This 
was esterified with absolute alcohol containing 3 per cent sulfuric acid 


and the resulting liquid ester condensed with potassium phthalimide con-— 


taining 32 per cent N® according to Weissman and Schoenheimer (6), 


The only modifications in the procedure were that the reaction mixture 


contained a little KI and was kept at 185-200°. The phthalimide com- 
pound on hydrolysis yielded lysine dihydrochloride in a yield of 80 per 
cent. 

Introduction of Deuterium in a Position—Under certain conditions, con- 
version of an optically active amino acid to its azlactone and hydrolysis of 
the azlactone yield the racemic amino acid (16, 17). During this process 
the a-hydrogen atom should be replaced by the hydrogen or deuterium 
of the medium. This reaction was carried out in a medium of CH;COOD 
and D,O in order to obtain an a-deuteriolysine. 

0.13 mole of pi-lysine dihydrochloride was added to 1.8 moles of 
CH;COOD (prepared by hydrolysis of acetic anhydride with D.O) and 
0.14 mole of fused sodium acetate. The mixture was refluxed for 1 hour, 
treated with 0.36 mole of acetic anhydride, and kept at 100° for 2 hours. 
The reaction mixture was cooled, treated with 0.6 mole of D.O, and then 
refluxed for 1 hour. The solvent was removed, 20 per cent HCl was added, 
and the mixture refluxed for 6 hours to remove the acetyl groups. The 
pL-lysine monohydrochloride, isolated in the usual manner, contained 1.79 
atom per cent excess D. If all the deuterium was in the a position (see 
below) the concentration of deuterium in the a-hydrogen atom should be 
26.8 atom per cent excess (1.79 X 15). On previous attempts, as much 
as 90 per cent deuterium had been introduced. The low proportion of 
deuterium found here may possibly be due to the introduction into the 
a position of non-isotopic hydrogen from the 20 per cent HCl before com. 
plete hydrolysis of the azlactone had taken place. 

Resolution of pu-Lysine—The resolution of the lysine was carried out 
by a modification of the method of Bergmann and Fruton (18, 19). The 
dicarbobenzoxy derivative of lysine was prepared according to Bergmann 
et al. (20). Attempts at resolution of lysine on a scale larger than 2 gm. 
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were unsuccessful because filtration of the gelatinous anilide was extremely 
difficult. The anilide was recrystallized from a water-alechol mixture. 
It melted at 125-126° (uncorrected). 


C2sH3O;N3. Calculated. C 68.7, H 6.4, N 8.6 
Found. 68.7, 6.2, 9.0 
[a]p = +7.8° in glacial acetic acid 


The anilide was suspended in a 2:1 mixture of HCl and water and re- 
fluxed for 3 hours. The solution was concentrated in vacuo to a thick 
syrup; this was taken up in boiling alcohol and pyridine was added until 
the mixture was no longer acid to Congo red. Usually lysine monohydro- 
chloride precipitated immediately. Upon recrystallization pure lysine 
monohydrochloride was obtained. 


C.H;,02.NCl. Calculated, N 15.4; found, N 15.4 
lalpb = +21.1° in n HCl 


If, during the racemization process an unsaturated azlactone were formed, 
deuterium might enter the 8 positions. A sample of pi-lysine was con- 
verted to e-benzoyllysine (21) and oxidatively deaminated by cobra venom! 
in a phosphate buffer, pH 7.2, to 6-benzoylaminovaleric acid (22). 448 
mg. of e-benzoyl-pL-lysine containing 2.28 atom per cent excess D or 
0.41 atom of deuterium ((2.28 & 18)/100 = 0.41) were dissolved in 100 
ml. of 0.1 m phosphate buffer, pH 7.3; 100 mg. of cobra venom were added 
and the mixture was incubated in air at 38° for 18 hours. The solution 
was then heated to the boiling point, filtered, and concentrated to dryness 
in vacuo. The residue was dissolved in 50 ml. of water, acidified with con- 
centrated HCl, and concentrated to a small volume. The 6-benzoylamino- 
valeric acid crystallized rapidly and was removed by filtration. Yield 
243 mg.; 61 per cent of theory. The acid was recrystallized from hot 
water. Yield 116 mg.; m.p. 93°. It contained 0.14 atom per cent excess 
D. Since the benzoyllysine contained 0.41 atom of deuterium and the 
benzoylaminovaleric acid but 0.025 atom of deuterium, 94 per cent of the 
deuterium must have been in the @ position and only 6 per cent in the 8 
position. To determine whether the degradative procedure caused any 
labilization of the B-carbon atom, a control experiment was made with 
non-isotopic e-bezoyllysine in a medium of 10 per cent D,O. The 6-ben- 
zoylaminovaleric acid formed contained but 0.02 atom per cent excess 
deuterium. Had 1 atom of deuterium entered the benzoylaminovaleric 
acid, it would have had a deuterium concentration of 0.71 atom per cent 
excess. Accordingly, exchange reactions did not occur during the enzy- 
matic oxidation of e-benzoyllysine. 


1 We are indebted to Dr. D. Nachmansohn for supplying us with this material. 
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Feeding Experiments 


In Experiment I, a young female rat weighing 100 gm. was accustomed 
to the stock diet used in this laboratory (starch 68, casein 15, yeast 5, 
salt mixture 4 (23), Wesson oil 6, cod liver oil 2 per cent). The rat was 
then fasted overnight and given 608 mg. of L-lysine monohydrochloride in 
10 gm. of diet. 24 hours later the rat, which had eaten all its diet, was 
sacrificed. 

In Experiment II, two female rats weighing 100 gm. each were treated 
as above, except that they were fed the isotopic lysine over a period of 
3 days. Rat 1 consumed 605 mg. of L-lysine monohydrochloride and 
Rat 2,618 mg. At the end of the 3rd day they were sacrificed. 


TABLE I 
Urinary Analyses 


Excretion of 


Rat No. Day 
Total N Nis Nis 
mg. — mg. per cent of dose 
I 260 1.75 4.87 31.2 
II 1 1 128 0.892 1.22 25.6 
2 112 1.552 1.87 
3 103 2.021 2.23 34.1 (Total) 
2 1 112 0.890 1.07 21.8 
2 108 1.363 1.58 
3 102 1.98 2.16 30.3 (Total) 


In both experiments the tissues from the animals were divided into two 
fractions. The internal organs, less the liver, were separated from the 
carcass. The tissues were homogenized in a Waring blendor with 10 per 
cent trichloroacetic acid in order to remove the non-protein N. In both 
experiments urine was collected daily under toluene. 

Total nitrogen and N! determinations were carried out by the usual 
procedures (see Table I). 

Isolation of Benzoyllysine from Tisswes—The tissues were hydrolyzed for 
24 hours with 20 per cent HCl. ¢-Benzoyllysine was isolated according 
to Kurtz (21). The deuterium and N! concentrations of the lysine (cor- 
rected for the benzoyl group) and analytical data are given in Table II. 


DISCUSSION 


In both experiments the rats excreted about 30 per cent of the labeled 
amino nitrogen within the first 24 hours (see Table I). Although the rat 
in Experiment I received 3 times as much lysine per day as did those in 
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Experiment II, the fraction of labeled nitrogen which it excreted is only 
8 per cent more than that in the urine of the rats in Experiment II. The 
rate of excretion of the labeled a-amino group in these experiments is simi- 
lar to that found by Weissman and Schoenheimer (6). 

There are two known mechanisms which lead to the conversion of a- 
amino acid to a-keto acid. In the first (oxidative deamination), the amino 
acid is presumably dehydrogenated to the imino acid, which is hydro- 
lyzed to the keto acid and ammonia. In the second (transamination), 
the amino acid condenses with an a-keto acid, the double bond shifts, and 
the tautomer is hydrolyzed to yield the keto acid derived from the original 
amino acid. The shift of the double bond produces a substituted imino 


TaBLeE II 
Analytical Values of e-Benzoyllsine Isolated from Protein 


The lysine monohydrochloride fed contained 1.79 atom per cent excess D and 
15.6 atom per cent excess N*. 


Experiment I Experiment II 
Ti 
atom atom atom atom 
per cent | per cent degrees | per cent | per cent degree 
excess | excess excess excess 
Carcass protein....| 1.02 | 0.063 | 5.61 +19.3¢| 1.46 | 0.129 | 5.67 | +19.8f 
Internal organs....| 2.33 | 0.155 | 5.67 | +19.1f¢| 3.79 | 0.298 | 5.65 | +19.6f 


* Determined by Van Slyke’s ninhydrin method; calculated 5.63 per cent. 
{2 per cent in 1 n HCl. 


derivative of the initial amino acid. In general, the over-all reaction of 
both mechanisms can be written as 


COOH COOH COOH 
| (A) | (C) | 
R—C—NH, <= R—C = R—C=0O 
| (B) | (D) 

H N 


The fact that, when either N!*-labeled ammonia or labeled amino acids 
other than lysine are fed, the lysine isolated from the proteins contains 
only normal nitrogen suggests that either Reaction B or Reaction D is 
inoperative. If a-keto-e-aminocaproic acid cannot exist, Reaction D would 
be impossible. However, if the a-keto acid were metabolically available, 
we should have to deduce that Reaction B does not occur, because the 
formation of the imino derivative from an a-keto acid and ammonia is a 
spontaneous reaction. The experiments of Weissman and Schoenheimer 
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throw no light on the possible existence of Reactions A and B, since their 
lysine had no deuterium in the a position (6). 

In the lysine administered here, the ratio of the isotope concentrations 
of the deuterium in the a-hydrogen position to that of the N'®* in the a- 
amino group, D,:N,'5, is 0.86. Dilution of this lysine with normal lysine 
will alter the absolute isotope concentrations but not the ratio. A de- 
crease of the ratio indicates that a reaction occurs which can remove the 
a-hydrogen atom without removing the a-nitrogen. This would occur if 
the rate of hydrolysis of the imino acid (Reaction C) were not very much 
greater than the dehydrogenation of the amino acid to form the imino 
acid (Reaction A). The data (see Table III) show that the ratio D,:N," 
is decreased slightly in the proteins of both the carcass and internal organ. 
The change in the ratio is, however, much less than has been observed 


TaBLeE III 
N'5 and Deuterium Content of Lysine from Proteins of Rats Given Isotopic 
L-Lysine 
L-Lysine calculated as atoms of the isotope. 


a-N'5 a-Deuterium 
“from proteins of rats 
Experiment I, carcags.................. 0.0206 0.0113 0.55 
internal organs.........| 0.0466 0.0279 0.60 
“internal organs ......... 0.0758 0.0536 0.71 


for leucine and glycine, for in both these cases D,:N,'® was decreased by a 
factor of 6 (13). | 

The data indicate that Reaction B is slow; dehydrogenation, when it 
occurs, is immediately followed by hydrolysis. Indeed, Borsook et al. 
offer evidence that the oxidation of lysine begins at the e-carbon atom (24). 

A rapid equilibrium between lysine and its a-imino derivative or a 
Schiff base, such as is the case with other amino acids, does not seem to 
occur. The slight labilization of a-hydrogen which occurs may result from 
the action of the transaminase (9). It is clear that the mechanism for the 
formation of the peptide bond with lysine does not involve either the keto 
acid or the imino acid, since in the first case all the a-N'!® would be lost, 
while in the second all the a-deuterium. 

Although it has been shown that tissue lysine does not undergo exchange 
of a-hydrogen with deuterium-enriched body water (25), this is in no way 
incompatible with the slight dilution of the a-deuterium observed here. 
In the experiment of Foster, Rittenberg, and Schoenheimer (25) the ani- 
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mals were fed a stock diet which contained appreciable amounts of lysine. 
Labilization at the rate observed in these experiments would have resulted 
in a deuterium concentration in the tissue lysine too small to be detected 
after dilution by the dietary lysine. 

In the light of the evidence available, it is impossible to state whether 
this slight labilization of the a-hydrogen atom of lysine takes place in a 
peptide or in the free amino acid. It had been shown that a-deuterio- 
hippuric acid, a model analogous to a peptide, apparently is excreted with 
almost unchanged isotope concentration (13); therefore no labilization 
occurs while the benzoyl group is attached. In the experiments of Sprin- 
son and Rittenberg (13), labilization of the a-hydrogen of glycine must 
have occurred while the amino acid was in the free form or while the pep- 
tide linkage was being formed. In the case of L-aminophenylbutyric acid, 
labilization of the a-deuterium atom presumably occurred while the amino 
acid was in the free state, since no evidence exists that this amino acid 
enters into a peptide linkage (14). In addition, replacement of the a-deu- 
terium atom has been observed in experiments with purified transaminase 
preparations and a-deuterioamino acids (9, 11, 12). 


SUMMARY 


1. t-Lysine was synthesized containing a-N' and a-deuterium. 

2. Labilization of the a-deuterium atom of lysine in the intact animal 
is slight in comparison with that of leucine or glycine, indicating that 
lysine is not involved in the transaminase system. 
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EVIDENCE ON THE METABOLISM OF a-ACETYLLYSINE* 
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(Received for publication, November 6, 1950) 


In contrast to most other acetylamino acids, the a-N-acetyl derivative 
of lysine cannot be utilized by the animal for growth (1). The e-N-acetyl 
derivative is as effective as is free lysine in the diet (2) and can, moreover, 
serve as a source of acetate in the body almost as efficiently as sodium 
acetate itself (3). The acetyl derivatives of the other amino acids in- 
vestigated were found to be much more efficient acetylating agents. In 
view of the fact that a-acetyllysine does not support growth, nor is attacked 
by L-amino acid oxidase, its metabolic fate and acetylating ability were 
investigated. 


EXPERIMENTAL 


Preparation of a-N-Deuterioacetyl-pL-lysine—e-N -Carbobenzoxy-pDL-ly- 
sine containing N!® in the a position was acetylated by deuterioacetic 
anhydride (3) according to the procedure of Neuberger and Sanger (1). 
The a-acetyl-pi-lysine contained 9.09 per cent N' and 3.81 per cent D, 
or 18.18 per cent N! in the a position and 20.3 per cent D in the acetyl 
group. 

Feeding Experiments—White male rats of the Wistar strain, weighing 
about 150 gm., were used. ‘These animals had been previously conditioned 
to the stock diet used in this laboratory (starch 68, casein 15, yeast 5, 
Wesson oil 6, cod liver oil 2, salt mixture 4 (4) per cent). One animal, 
weighing 155 gm., received 0.68 mm of acetyl-L-leucine containing 6.5 
atom per cent excess N!® per 100 gm. per day for 3 days; the other, weigh- 
ing 160 gm., received twice as much (1.37 mM) of the a-N-acetyl-pL- 
lysine per 100 gm. per day, since the p isomer is excreted unchanged (5), 
and 125 mg. of DL-a-amino-y-phenylbutyric acid per day. The substances 
were intimately mixed with the 12 gm. of diet received daily. Samples 
of the daily pooled urine were taken for total nitrogen, urea, and N?. 
a-Acetylamino-y-phenylbutyric acid was isolated from the urine of the 
animal fed acetyllysine according to Bloch and Rittenberg (3). Lysine 

* This work was supported by a gift from the Merck Institute for Therapeutic 
Research. 

+t Submitted by Irwin Clark in partial fulfilment of the requirements for the de- 


gree of Doctor of Philosophy in the Faculty of Pure Science, Columbia University. 
Present address, Dunn Nutritional Laboratory, Cambridge, England. 
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was isolated as e-benzoyllysine from the carcass proteins of rats fed acetyl- 
lysine according to the method of Kurtz (6). 

The analytical data of the acetylamino acids fed and of the isolated 
benzoyllysine and acetylaminophenylbutyric acid are given in Table I. 


Results 


The nitrogen balance in Table II shows that practically all of the N% 
of the a-N-acetyl-pL-lysine is excreted. ‘These figures are in striking con- 
trast to those obtained after feeding acetylleucine. In this case only 28 
per cent of the N'® administered was found in the urine. Moreover, prac- 
tically all of the administered N'® that was excreted was found in the urea 


TABLE I 
Analytical Data 


N (Dumas) 
Compound M.p. Rotation, [a]p 
Theory | Found 
per cent per cent degrees 
8.1] 8.2 | 6.5 189-190 | —22.6 (2% in abso- 
| lute alcohol) 
a-N-Acetyl-pL-lysine......... 14.8 14.8 | 9.09 
e-N-Benzoyl-.L- sine isolated 
from protein..............| 5.63 5.60*) 0.046 +19.8 (2.3% in 1 N 


HCl) 


a-Acetylamino-y- - | | 
ric acid. | 0.029 | 179-180 | 


* a-NH»-N (Van Slyke). 


fraction. This is not so with the a-acetyl-pL-lysine for which only about 
1 per cent was found in the urea fraction. Little of this compound seems 
to have been metabolized by normal processes. The a-nitrogen atom is 
practically untouched by the animal organism, as is evidenced by the low 
N*® concentration found in the urea isolated (0.03 per cent N'*) and in the 
acetylaminophenylbutyric acid (0.029 per cent N?!5). 

The isolated acetylaminophenylbutyric acid contained 0.09 (+0.01) 
atom per cent excess deuterium. The acetyl radical must have contained 
0.45 atom per cent D or 2.7, calculated on the basis of 100 per cent D in 
the acetyl group fed. This is comparable to the values observed when 
acetate, 3.6, or e-acetyllysine, 4.9, was fed, but is much lower than when 
acetylglycine, 28.0, acetylleucine, 13.0, or acetylalanine, 15.0 atom per 
cent excess, was fed to rats (3). 

In their investigation of acetylation, Bloch and Rittenberg (3) postu- 
lated two mechanisms for the transfer of acetyl groups. One involves a 
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direct transfer of the acetyl group to the “foreign’”’ amino acid, as in the 
case of acetylglycine. The other mechanism involves a hydrolysis of the 
acetyl group to acetate, mixing of this acetate with the body pool, and 
acetylation of the “foreign”? amino acid. 

Less than 7 per cent of the a-amino nitrogen of the administered a- 
acetyl-pL-lysine was retained by the body. Hydrolysis of this fraction to 
yield acetate and lysine would lead to a large dilution of the acetate by 
that normally present in the metabolic pool and could therefore not ac- 
count for the relatively large amount of deuterium found in the acetyl- 
phenylaminobutyric acid. It appears that transacetylation is the major 
mechanism involved in the deacetylation of a-acetyllysine. 


TABLE II 
Urinary Excretion of N*'5 after Feeding Labeled Acetylamino Acids 
Acetyl-p1-lysine Acetyl-1-leucine 
N® concentration in urea, atom % excess.......... 0.030 0.120 


The e-benzoyllysine obtained from the rat carcass was found to contain 
0.046 per cent N'®. This value is consistent with the view that a small 
amount of the acetyllysine was deacetylated. Thus, although the rat 
cannot utilize a-acetyllysine at a rate sufficient to meet growth needs, a 
small amount can be utilized by the animal. 


SUMMARY 


1. a-N-Acetyllysine may act as a source of acetyl groups, probably by 
transacetylation. 

2. a-N-Acetyllysine can be utilized to a small extent by the rat for its 
lysine requirements. 
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NUCLEOTIDES OF THE RAT* 


By DENIS H. MARRIAN, VIRGINIA L. SPICER, M. EARL BALIS, ano 
GEORGE BOSWORTH BROWN 
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Earlier communications from this laboratory (1-3) have reported several 
studies of purine metabolism in which the individual purines were isolated 
by chemical procedures from nucleic acid preparations obtained either by 
salt extraction of desiccated tissues or by the Schmidt and Thannhauser 
(4) procedure for separation of the pentose (PNA) and desoxypentose 
nucleic acids (DNA) (5). With the recognition by Carter and Cohn (6-9) 
that two adenylic acids (a and b) and two guanylic acids (a and b) are 
obtainable from pentose nucleic acids it became desirable to investigate 
the possibility of metabolic differences between the isomeric purine nucleo- 
tides. 

The ion exchange technique of Cohn (7, 9) for the separation of the 
nucleotides is applicable on a very small scale and its adoption would also 
permit metabolic studies in single animals and on individual! tissues. The 
scale chosen will permit the isolation of quantities of each nucleotide which 
represent at least 0.5 to 1.0 mg. of nitrogen. This permits the study of 
precursors labeled with heavy nitrogen (N!>) as well as with radioactive 
carbon 

Since the beginning of this study the isolation of isomers of the pyrim- 
idine nucleotides has been achieved (10, 11), but the facility with which 
they are interconverted (11) lessens the importance of their separation in 
metabolic studies. 

In the majority of our previous studies with N'°-labeled adenine and 
other purines, the purine has been administered at a level of at least 0.2 
mM per kilo of body weight per day, an amount corresponding to some- 
what less than one-half of the lowest value given for the excretion of al- 
lantoin by the rat (12). However, very little uncombined adenine is to 
be found in normal diets, and work with intact nucleic acids (13), and 
subsequently with the constituent purine nucleotides,! has shown that 


* A portion of this material was presented before the American Chemical Society 
at Chicago, September, 1950. The authors wish to acknowledge the support of the 
National Cancer Institute, United States Public Health Service, the Nutrition 
Foundation, Inc., and the joint support of the Office of Naval Research and the 
Atomic Energy Commission, Contract N6ori-99, Task Order 1. 

1 Roll, P. M., Weliky, I., and Brandt, A., unpublished. 
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these molecules are considerably less readily utilized than was uncombined 
adenine. It was therefore of interest to study the fate of a minimal quan- 
tity of administered adenine. The ready availability of adenine labeled 
with C™ in position 8 (14) has made it possible to combine the study of 
such small doses with the study of the incorporation into the a and b iso- 
mers of the purine nucleotides. 

In addition, samples of adenine containing both N'® in positions 1 and 
3 of the pyrimidine ring (15) as well as C in position 8 of the imidazole 
ring (14) have been administered and possible differences in the metabo- 
lism of these two portions of the purine ring have been investigated. 


EXPERIMENTAL 


Separation of Pentese Nucleotides—In the technique finally adopted, hy- 
drolysis of the dried and defatted tissue was allowed to take place in 1 n 
alkali at room temperature (4) or in 0.3 N alkali at 37°, thereby practically 
eliminating deamination of cytidylic acid. In order to obtain an essen- 
tially ion-free solution of the ribonucleotides, it proved important to avoid 
the addition of acid to precipitate the DNA. It was found that the ex- 
cess alkali could be removed by adding a cation resin (hydrogen form) to 
pH 3.9 to 4.1. At this point the DNA formed a clean flocculent precipi- 
tate, with much of the protein present. The supernatant then contained 
little except the ribonucleotides together with some proteinaceous material. 
This supernatant was suitable for anion exchange chromatography, al- 
though the fractions containing cytidylic acid were invariably contami- 
nated with the extraneous protein. For the separation of ribonucleotides 
from alkali-treated yeast nucleic acid, it was only necessary to add cation 
resin to the hydrolysate until pH 6 to 8 was reached. 

Cohn’s procedure (7) for reducing the fractions to small volume for analy- 
sis was followed, except that the combined fractions of each nucleotide 
were brought to pH 11 to 12 by addition of sodium hydroxide solution 
before being poured through the small “volume reduction” column. Each 
nucleotide was then removed in 5 to 10 ec. of 1 N H.SO,, previously shown 
to be free of nitrogen. 

The anion exchange procedures used by Cohn (7) gave almost quantita- 
tive recoveries from a mixture of barium salts of ribonucleotides resulting 
from nucleic acid hydrolysis. By the present method, the individual nu- 
cleotides were computed with the following molar extinctions at 260 mz 
and pH 2, communicated to us privately by Dr. W. E. Cohn: cytidylic 
acid 6800, adenylic acid 13,900, uridylic acid 10,000, guanylic acid 11,800. 
The recovery varied from 86 to 99 per cent when compared with results 
by the differential spectroscopy procedure of Kerr, Seraidarian, and War- 
gon (16) on the same sample of yeast nucleic acid. 
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When this procedure was applied to the analysis of acid-washed, de- 
j fatted tissue, however, the recovery of nucleotides was less satisfactory. 
f The figures reported in this paper represent only about 55 to 70 per cent 
of those which might be expected from values previously published (5, 
17, 18). 

Deamination of Cytidylic Acid by Alkali—Several procedures for alkaline 


2 hydrolysis of PNA were applied to 1.5 mm solutions of spectroscopically 
: pure cytidylic acid. At the end of the hydrolysis, the solutions were ana- 
lyzed spectroscopically for uridylic acid in the presence of cytidylic acid 
(16). 1 N alkali at 37° for 12 hours caused 33 per cent deamination, 0.1 
n alkali at 100° for 2 hours caused about 30 per cent deamination, and 
e 0.2 nN barium hydroxide at 100° for 2 hours caused between 50 and 100 
‘ per cent deamination. In the first hydrolysis quoted, the formation of 
uridylic acid. was confirmed by ion exchange separation of the two nu- 
é cleotides. 1 N alkali at room temperature, 0.3 N alkali at 37° (each for 
d 24 hours), and 1 N sulfuric acid at 100° for 30 minutes caused no deamina- 
tion. 
@ Absorption of Nucleotides by Precipitated Barium Sulfate—An attempt 
-_ to obtain a salt-free solution of ribonucleotides by one procedure involved 
d the removal of excess sulfuric acid from a solution of ribonucleotides by 
1 the addition of barium hydroxide. However, the precipitation of barium 
L sulfate in approximately 2.5 mm solutions of each of the four nucleotides 
. caused a loss, by absorption, of between 57 and 81 per cent. This is in 
< } contrast with the observations of Schmidt, Cubiles, and Thannhauser (19). 
a Analysis of Yeast Nucleic Acid—80 mg. of yeast nucleic acid (20) were 


hydrolyzed by standing at room temperature with 5.6 cc. of 1 N NaOH 
for 17 hours (or with 18 cc. of 0.8 N NaOH at 37° for the same time). 
le The hydrolysate was brought to pH 6 to 8 by addition of acid-washed 
ZeoRex cation exchange resin (H+ form). The filtered solution was used 


h directly for chromatography on a column of Dowex-1 (Cl- form) as de- 
‘ scribed by Cohn (9, 11). The results of two such runs are presented in 
Table I. 


Intraperitoneal Injection of Radioactive Adenine—A solution of 1.37 mg. 


x of adenine hydrochloride (1.03 * 105 counts per uM) in 2 cc. of 0.05 m 
a phosphate buffer, pH 6.7, was injected intraperitoneally into a 430 gm. 
i } male rat of the Sherman strain. The tube and syringe were rinsed. with 


a further 2 cc. of the same buffer and this solution also injected. The rat 
0 was immediately transferred to a metabolism chamber with facilities for 
a collecting expired CO, (as barium carbonate) and total urine (22). The 
pressure in the chamber was 5 cm. of mercury below atmospheric. After 
exactly 24 hours the animal was sacrificed (ether) and the PNA of the com- 
} bined organs was investigated by the procedure outlined above (Table II). 
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Allantoin was isolated from the total urine after the addition of 40.40 
mg. of isotopic allantoin containing 0.407 atom per cent excess N?. 

The animal maintained a steady COs: expiration of about 1.5 gm. per 
hour. The samples of barium carbonate were not sufficiently radioactive 
to be counted with the end window counter. When the activity of the 
CO, was measured in gas-filled counter tubes (23), only insignificant traces 
of activity were found. 


TABLE I 
Pentose Nucleotides from Yeast Nucleic Acid 


Foundt Total recovery 
Nucleotide* 
lSample Sample B§ Sample A | Sample B 
meg. mg 

Cytidylic 12.2 14.7 | Input, units|| 2027 2316 
Adenylic a 6.9 7.1 | Output, ‘ 2131 2172 

nz b 10.7 9.8 | Optical density recovery, % 105 94 
Uridylic 14.3 16.8 | Nucleotide recovery, mg. 63.5 65.2 
Guanylic a 9.3 8.4 

4 b 10.1 8.4 


* Each nucleotide was characterized by the ratios of its absorption at 250, 260, 
280, and 290 my (see Cohn (9)). 

+ As calculated from the optical density at 260 mu. 

t A sample of yeast nucleic acid prepared by Dr. Stanley E. Kerr in these lab- 
oratories. It was precipitated by addition of excess alcohol to the filtrate formed 
after removing the fraction precipitated by acetone and acetic acid as described 
by Chantrenne (20). 

§ A sample of N'5-labeled yeast nucleic acid previously described (21). The 
N'5 values of these fractions were 3.1 to 3.3 atom per cent excess as compared to 
3.3 to 3.4 previously found for the free bases (21). 

|| Volume of solution times the optical density at 260 mu. 


The activity of various fractions was determined on infinitely thin films 
(less than 250 y per sq. cm.) spread with a drop of detergent and evap- 
orated in aluminum planchets. Counting in this experiment was done 
with an end window Geiger-Miiller tube. The standard error in counting 
was 2 per cent in the case of the adenylic acids and 5 per cent in the case 
of the guanylic acids, as calculated according to Calvin et al. (24). In 
addition there is a variable error inherent in the use of infinitely thin films, 
particularly when counted with an end window counter. Duplicates varied 
as much as 20 per cent, and in subsequent experiments a proportional flow 
counter (Radiation Counter Laboratories nucleometer) was used and such 
variations were reduced to less than one-half of this value. 

Feeding of Adenine Labeled with N° in Positions 1 and 3 and with C™ 
in Position 8—Three male rats of the Sherman strain (weight 1 kilo) were 


— 


| | 
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fed for 3 days on a diet of moistened Purina chow to which had been 
added a mixture of 6.0 mg. of C'4-adenine hydrochloride (5.82 * 10° counts 


TaBLeE II 


Isotope Content of Pentose Nucleotides 24 Hours after Administration of 2.6 Mg. of 
Adenine Per Kilo of Body Weight 


Calculated on basis 
Nucleotide Found* Counts per umt of 100 per cent in 
adenine injected 
mg. 
Urinary allantoin................. 243} 0.24 


* As calculated from the optical density at 260 mux. 

{ Determined with an end window Geiger-Miiller counter. 

t Calculated from the values obtained on allantoin isolated by the isotope dilu- 
tion technique. 


TABLE III 


Isotope Content of Pentose Nucleotides after Administration of C'4- and N'5-Labeled 
Adenine to Rats 


Calculated on basis of 100 
Nucleotide Found* Counts cont excess | cent im adenine fod 
per N15t§ 
cu N15§ 
mg. 

14.3 27 0.007 0.1 0.2 
4.1 1610 0.193 4.7 4.1 
7.55 46 0.012 0.1 0.3 
Ge. 6.95 430 0.063 1.3 1.4 


* As calculated from the optical density at 260 mug. 
{ Determined with a proportional flow counter. 


t Consolidated Nier, model 21-201, ratio mass spectrometer; probable error 


+0.001. 


§ The nucleotides from this experiment were contaminated with extraneous 


ammonia and the values given are corrected (see ‘‘Experimental’’). 


per um) and 109.0 mg. of N'5-adenine sulfate hydrate (containing 4.92 
The dietary adenine therefore represented 
4.63 atom per cent excess N!* and 3.4 X 10‘ counts per uM. 24 hours after 


atom per cent excess N?!5). 
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PURINE INCORPORATION INTO NUCLEOTIDES 


the last feeding, the animals were sacrificed and the organs pooled. About 
one-sixth part of the organs was investigated by the method given above 
and the remainder was treated as previously described (1) for the isola- 
tion of individual purines from the mixed nucleic acids. The results are 
given in Tables III and IV. In the combined fractions of each nucleotide 


TABLE IV 


Isotope Content of Purines from Mixed Nucleic Acids after Administration of C'#- 
and N'5-Labeled Adenine 


Calculated on basis of 100 per 


Atom per cent cent in adenine fed 


Purine Counts per uM" | cess Nist 
cu 
830 0.095 2.4 2.1 
540 0.058 1.6 1.3 


* Determined with a proportional flow counter. 
t See foot-note ({), Table III. 
TaBLeE V 


Isotope Content of Pentose Nucleotides after Administration of C'4- and N'5-Adenine 
to Single Rat 


Nucleotide Found cent | 

Nis 

mg. | 
2.3 4150 0.606* 
7.5 52. (0.019 | {| 
5.9 1750 0.240 5.0 5.2 

| | 
Urinary allantoin........... 1760 0.320 5.0 | 5.6 


* The small amount of adenylic acid nitrogen isolated made it necessary to dilute 
with 0.50 mg. of normal nitrogen before analysis. The figures are corrected for this 
dilution, and the probable mass spectrometer error for these values will be about 
+0.003. 


the total nitrogen present was calculated from the optical density values 
and was also determined by the Kjeldahl method before conversion to Ne. 
In this experiment the nucleotide solutions were accidentally contaminated 
by extraneous ammonia in the air, and the figures given in Table III are 
those calculated on the nitrogen originally present as determined by op- 
tical density. 

In view of the equivocal nitrogen results obtained in the experiment 
presented in Table III, one rat of the Sherman strain (weight 402 gm.) 
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was fed similarly for 3 days. The diet contained a mixture of 2.22 mg. 
of the radioactive adenine and 46.7 mg. of the N-adenine sulfate hydrate, 
and therefore represented 4.60 atom per cent excess N' and 3.5 X 10! 
counts per uM. 24 hours after the last feeding the animal was sacrificed 
and about one-half of the combined organs was investigated, giving the 
results shown in Table V. 


DISCUSSION 


The procedure in use makes possible the isolation from the pentose nu- 
cleic acid fraction of the two isomeric adenylic acids, the two isomeric 
guanylic acids, and the uridylic acids on a scale which permits studies 
with either N?5- or C-labeled precursors. The cytidylic acid fraction, 
which is first eluted from the column, is satisfactory for studies with C%, 
but it contains extraneous protein nitrogen which makes it unsuited for 
studies with N'5. In investigations with radioactive carbon the activity 
of several fractions within an elution band may be determined, permitting 
a check on the purity of each nucleotide with respect to activity. Sufh- 
cient nucleotide nitrogen for mass spectrometry may be obtained from 15 
to 20 gm. of fresh organs, which represent about one-half of the pooled 
organs of one rat. 

In each of the three experiments with radioactive carbon and in the two 
involving heavy nitrogen, the incorporation of the isotopic adenine into 
the isomeric adenylic acids was essentially the same. This was also true 
in the case of the isomeric guanylic acids. 

The studies of the incorporation of labeled inorganic phosphate reported 
by Carter and Volkin (25) and of labeled formate by Totter, Volkin, and 
Carter (26) have also indicated that the isomeric purine nucleotides are 
metabolically indistinguishable. The possibility that the isomers arise in 
the course of hydrolysis of the nucleic acids must be considered. 

In the experiments in which the adenine administered was labeled both 
with N! in positions 1 and 3 and with C"™ in position 8, the incorpora- 
tion of the C™ into the purine nucleotides usually appeared to be slightly 
less than the incorporation of N'®. In view of the experimental variations 
the differences are not sufficient to merit interpretation at the present 
time. The essential parallelism of the incorporation of nitrogen atoms 1 
and 3 and carbon atom 8 into both the adenine and the guanine does sup- 
port the previous conclusion (1) that the purine ring is retained intact 
throughout the course of the transformation of adenine into polynucleotide 
guanine. 

In the experiment in which a single set of animals was worked up for 
both the pentose nucleotides (Table III) and the individual purines from 
the combined nucleic acids (Table IV) the lower values in the latter case 
are due in part to the presence of non-labeled DNA purines. In addition, 


if 
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our experience has indicated that there is a greater loss of PNA than of 
DNA in the procedure used (1) and the sampling of the fresh organs (which 
have shown markedly different renewals (5)) for the two procedures may 
not have been uniform. However, the fact that the renewal of the gua- 
nine was proportionately higher in the samples of individual purines (Ta- 
ble IV) correlates well with the fact that considerably more guanine than 
adenine has always been obtained from our rat PNA preparations, while 
nearly all samples of DNA have been shown to contain nearly equal quan- 
tities of the two purines (27, 28). 

The 23- to 3-fold difference in the renewal of nucleic acid purine recorded 
in Tables III and V is the most extreme variation yet observed between 
animals maintained under apparently identical experimental conditions. 
This variation is even larger than the one commented upon previously (2). 
It may be worth while to note that the single animal evidencing the re- 
markably high nucleic acid purine renewal (Table V) was very rugged and 
lively. 

In the experiment in which a minimal dose of adenine, 2.5 mg. per kilo 
of body weight per day, was administered, the insignificant conversion of 
carbon atom 8 to respiratory CO. but the significant appearance of that 
carbon in allantoin is in agreement with the fact that purines are catabo- 
lized almost exclusively to allantoin. In this experiment the presence of 
a large amount of adenine or adenine precursor available in the rat is 
again reflected in the dilutions observed. ‘These dilutions are greater than 
those resulting when adenine was administered at 200 mg. (1) or 27 mg. 
((1) and present paper) per kilo per day for 3 days. The additional dilu- 
tion appears greater than that which is to be expected from the conditions 
of the experiment and the assumption of the previously estimated value 
(29) of about 28 mg. per kilo per day of available adenine or adenine pre- 
cursors, but it is within the limits of individual variation mentioned above. 


The authors wish to thank Mr. Roscoe C. Funk and Mr. John Deonarine 
for analytical assistance and Dr. Maxwell L. Eidinoff for the determina- 
tion of radioactivity in gas-filled counter tubes (23). 


SUMMARY 


The isolation of six ribonucleotides from the pentose nucleic acid frac- 
tion from rat tissue has been accomplished by a combination of the hy- 
drolysis conditions of Schmidt and Thannhauser and the anion exchange 
separation of Cohn. 

The investigation of the incorporation of C“- and N?}5-labeled adenine 
into these various nucleotides has indicated that the two isomeric adenylic 
acids, as well as the isomeric guanylic acids, are metabolically indistin- 
guishable. 
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The essentially equal incorporation of the N!® and C" labels of the 
adenine into the polynucleotide guanine has furnished further evidence 
that the purine ring remains intact during this transformation. 

Carbon atom 8 of adenine is not oxidized to respiratory CO, to a sig- 
nificant extent. 
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THE NIACIN-TRYPTOPHAN RELATIONSHIP IN THE 
METABOLISM OF XANTHOMONAS PRUNI* 


By DAVID DAVIS,t L. M. HENDERSON, anp DWIGHT POWELL 


(From the Division of Plant Pathology, Horticulture Field Laboratory, and the 
Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, October 26, 1950) 


The investigations of Starr (1) demonstrated that Xanthomonas pruni 
requires an exogenous source of nicotinic acid when grown on a medium 
containing vitamin-free, acid-hydrolyzed casein, methionine, or glutamic 
acid to provide an organic form of nitrogen. Preliminary work in this 
laboratory showed that tryptophan could replace nicotinic acid for growth 
in a similar medium. This was the first known demonstration of a re- 
lationship between these compounds in the metabolism of a bacterium. 
Recently Jakoby et al. (2) have noted that a nicotinic acid-requiring 
pseudomonad grows very slowly with tryptophan or anthranilic acid. 

The long list of proposed biological precursors of nicotinic acid has 
resulted largely from the studies of a number of mutants of Neurospora 
crassa. There are still a number of unexplained findings (3), but there is 
good evidence for the precursor réle of tryptophan in nicotinic acid syn- 
thesis which has also been established in animals fed isotopically labeled 
tryptophan (4). Kynurenine (5), 3-hydroxyanthranilic acid (6), and 
quinolinic acid (7) support the growth of rats receiving low tryptophan- 
niacin diets, and kynurenine (8) and 3-hydroxyanthranilic acid (7, 9) 
cause increased N'!-methylnicotinamide excretion. Further studies of the 
possible réle of quinolinic acid as an intermediate between 3-hydroxy- 
anthranilic acid and nicotinic acid conducted with Neurospora mutants 
have shown that quinolinic acid is accumulated by the mutant strain 3416 
(7, 10) and is utilized to a limited extent by mutant 4540 (7). 

The results reported below show that anthranilic acid, indole, tryp- 
tophan, kynurenine, 3-hydroxyanthranilic acid, or quinolinic acid is ca- 
pable of replacing nicotinic acid or its amide for the growth of X. prunt,. 


EXPERIMENTAL 


A pure culture of X. prunt, isolated from the lesion of an infected peach 
twig, was maintained on a modified Emerson (11) agar medium and 


* Supported in part by a grant from the Nutrition Foundation, Inc., New York, 
and by the Monsanto Chemical Company, St. Louis, Missouri. The assistance of 
Helen N. Hill, who made tryptophan and nicotinic acid determinations, is grate- 
fully acknowledged. 


tPresent address, Connecticut Agricultural Experiment Station, New Haven. 
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subcultured at 15 day intervals. Inocula were prepared from young cells 
grown for approximately 20 hours at 25° on modified Emerson (11) broth 
until the optical density of the culture was 0.62. The cells were washed 
three times, diluted 3-fold, and 0.05 ml. of this cell suspension was added 
to each 10 ml. culture tube. 

The Starr (1) nutrient medium used in these tests was modified to 
include 1 per cent sucrose, 0.25 per cent vitamin-free, acid-hydrolyzed 
casein, iron as FeSO,4-7H.O, and 5 mg. per cent of L-cystine. The com- 
pounds tested were sterilized by filtration through a Seitz filter. The 
culture tubes were incubated at 25° on a rotary shaker moving at a ve- 
locity of 200 r.p.m. in a circle of 56 mm. radius. Growth was estimated 
spectrophotometrically at various time intervals. The growth-promoting 
activity of all the compounds was determined simultaneously to eliminate 
variations caused by slight differences in the experimental conditions. 

The kynurenine sulfate was isolated from rabbit urine by the method 
of Kallio and Berg! (8); the 3-hydroxyanthranilic acid was prepared by 
the method of Nye and Mitchell (12). All compounds were shown by 
Lactobacillus arabinosus assay to contain insignificant amounts of nicotinic 
acid. 


Results 


A preliminary investigation of the nutritional requirements of X. pruni 
showed that an organic nitrogen source and tryptophan or nicotinic acid 
are essential for growth. While a detailed study of the type of nitrogen 
compounds required was not made, it was shown that, with a modified 
Henderson and Snell (13) medium, growth was not greatly impaired by 
the removal of single amino acids or vitamins other than nicotinic acid 
and tryptophan. 

The data obtained from numerous dosage-response curves are shown in 
Table I. In general, the compounds used exhibited a degree of growth- 
promoting activity which is in agreement with the proposed biosynthetic 
pathway of niacin formation. ‘Their relative activities in supporting half 
maximum growth in 72 hours were as follows; indole 0.25, L-tryptophan 
0.35, pu-kynurenine 0.40, anthranilic acid 0.67, 3-hydroxyanthranilic acid 
4.2, nicotinic acid 57, and nicotinamide 100. The growth-promoting 
activity of indole varied between tests, while the results with other com- 
pounds were nearly constant in all experiments. 


1 The kynurenine and kynurenine sulfate had no optical activity. Their identity 
was established by analysis and by melting point as pL-kynurenine or its sulfate. 
It has not been determined whether the racemic form was excreted or whether ra- 
cemization occurred during isolation. The growth-promoting activity has been 
expressed as DL-kynurenine. 
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The rate of growth obtained with each compound was measured by 
determining the turbidity at frequent intervals during the early stages of 
incubation. The intermediates fell into two classes with respect to their 
effect upon growth rates. Anthranilic acid, indole, and L-tryptophan 
gave slow growth at concentrations which were adequate for optimum 
growth after 72 hours. The growth rate was so rapid with nicotinic acid, 
nicotinamide, and 3-hydroxyanthranilic acid that nearly maximum de- 
velopment had occurred in 36 hours. The rate of growth with pDL- 
kynurenine sulfate fell between that of the two groups, supporting slow 
growth during the first 24 hours, but very rapid development between 24 
and 48 hours after inoculation. This phenomenon of slow growth is 
distinct from the lag in the dosage-response curves described below. 


TABLE I 
Comparative Growth-Promoting Activity of Various Intermediates for X. pruni 
Per cent nicotinamide activity, molar basis 
24 hrs. 48 hrs. 72 hrs. 
77 | S4 | 31 77 S54 31 77 54 31 
Nicotinic acid................. 18.0 26.5.28.033.3 (47.0 60.0 45.0 57.0 (73.0 
3-Hydroxyanthranilic acid..... 2.7| 6.1:10.2, 2.0 | 4.2 | 8.2 | 2.0 | 4.2 | 8.2 
Anthranilic acid............... 0.25 | 0.20 0.45 | 0.67 | 0.85 
pi-Kynurenine................ 0.11 | 0.28 0.56 0.15 | 0.40 | 1.0 
L-Tryptophan................. 0.083, 0.19, 0.27, 0.13 | 0.35 | 0.77 
0.04 | 0.09 0.095 0.25 | 0.48 
Quinolinic acid................ 0 018 0.033, 0.067 


Although the behavior of anthranilic acid resembled that of indole and 
L-tryptophan in that growth was slow, the anthranilic acid curve did not 
show the lag noted with the other two compounds. 

The data in Table I demonstrate another point in connection with the 
utilization of these compounds by X. pruni. At three arbitrary growth 
levels (77, 54, and 31 per cent transmission), the nicotinamide activity of 
all compounds, except 3-hydroxyanthranilic acid, increased as the incu- 
bation period was extended. This increase is to be expected if it is as- 
sumed that they are utilized after conversion to nicotinamide. The 
failure of 3-hydroxyanthranilic acid to behave this way, especially at 
low concentrations, may be the result of its slow destruction during in- 
cubation (6). 

Relatively high concentrations of indole, L-tryptophan, and bDL- 
kynurenine were required to initiate growth. This is demonstrated in the 
72 hour dosage-response curves (Fig. 1). <A slight lag in the 3-hydroxy- 
anthranilic acid curve was also observed, especially in the early phases of 
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growth. In contrast, anthranilic acid was relatively more effective at low 
than at high concentrations (Fig. 1). Nicotinic acid and nicotinamide 
dosage-response curves likewise had no lag. 

The difference in the dosage-response curves of anthranilic acid on the 
one hand and those of indole, L-tryptophan, and pi-kynurenine on the 
other suggests that anthranilic acid might not be serving as a precursor of 
indole, as has been proposed for Neurospora (14) and L. arabinosus (15). 
Further evidence bearing on this point was sought. 

The relative decrease in activity of anthranilic acid, as the concentra- 
tion was increased, was shown to be the result of slight toxicity of this 
acid. Indole was also toxic at high concentrations (100 to 150 um) both 
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CONCENTRATION 
Fic. 1. Comparison of dosage-response curves at 72 hours 


with and without added nicotinic acid, while tryptophan was not. The 
growth-suppressing effect of both anthranilic acid and indole was over- 
come in longer periods of growth. That the greater activity of anthranilic 
acid was not alone the result of its greater effectiveness in initiating 
growth was shown by experiments in which suboptimum levels (0.08 um) 
of nicotinic acid were added to the basal medium. Under these con- 
ditions anthranilic acid was more active than indole or tryptophan at 
10 um, but about equally active at 90 um after 24 to 36 hours of incu- 
bation. 

It seemed possible that the unexpected high biological activity of 
anthranilic acid was the result of more effective uptake of this compound 
from the culture medium. To check this possibility, the uptake of L- 
tryptophan and anthranilic acid by X. pruni was determined and related 
to growth. u-Tryptophan was determined in the medium with L. 
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arabinosus (13) and anthranilic acid fluorometrically after dilution with a 
large volume of n-butanol by using the Coleman photofluorometer with 
Filters B-1-S and PC-1. Though this method was only roughly quanti- 
tative, chiefly because of the formation of fluorescent compounds by the 
bacterium in the later stages of growth, it was adequate for the purposes 
of this experiment since only gross changes were important. At high 
concentrations (100 um) the uptake of anthranilic acid was more rapid 
than of L-tryptophan, as was growth. 

The growth-promoting activity of quinolinic acid at pH 6.8 varied from 
0.018 per cent of that of nicotinamide at low concentrations (77 per cent 
transmission) to 0.067 per cent at high concentrations (31 per cent trans- 
mission) after 72 hours of growth. It was not possible to determine its 
activity at low pH values, since the organism would not develop well in 
this medium below pH 6.0. The slight biological activity could not have 
been the result of nicotinic acid contamination, since L. arabinosus assay 
indicated only 0.009 per cent nicotinic acid in the sample of quinolinic 
acid used. Quinolinic acid at concentrations of approximately 240 um 
inhibited growth. When X. pruni was grown in the basal medium, sup- 
plemented with tryptophan, no quinolinic acid accumulated in the culture 
medium. The cells contained a small amount of a compound which 
became active for L. arabinosus after autoclaving with acetic acid. These 
results indicated that there is no extensive accumulation of quinolinic 
acid such as has been found with N. crassa mutant 3416 (7). 

The diamide of quinolinic acid and anthranilic acid amide were shown 
to possess no biological activity. Phenylalanine and tyrosine, supplied in 
the form of additional casein hydrolysate, likewise did not support growth. 


DISCUSSION 


These studies with a non-mutant bacterium have further emphasized 
the universal nature of the biosynthetic scheme previously proposed for 
nicotinic acid formation. With the exception of anthranilic acid, the 
relative molar activities of these precursors are in accord with the postu- 
lated steps. Some of the differences in activity between these inter- 
mediates can be reconciled with the findings of other investigators. 

The difference in activity of nicotinic acid and nicotinamide for Neuro- 
spora has been explained as impermeability of the cell membrane to the 
dissociated form of the acid (16). Furthermore the acid may first be 
converted to the amide before incorporation into the coenzymes. The 
nicotinamide activity of L-tryptophan is in the same range as that found 
for the rat (7, 17), but falls below that obtained with Neurospora mutant 
65001 (18). The variability in the growth-promoting activity of indole 
for X. pruni is in agreement with the findings of other investigators (19, 
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20) in their studies with L. arabinosus. The low biological activity of 
quinolinic acid could be the result of failure of the dissociated form of 
the acid to be absorbed from the medium. The growth-promoting ac- 
tivity of this compound was tested at pH levels where dissociation would 
be essentially complete, and where the activity for Neurospora mutant 
4540 is very small (7). Another possibility is that quinolinic acid is not 
an intermediate. The inactivity of quinolinic acid diamide and 
anthranilic acid amide suggests that the organism is incapable of de- 
amidating these compounds for further utilization. 

An explanation of the anomalous behavior of anthranilic acid is not 
apparent. Its nicotinamide activity, distinctly greater than that for in- 
dole, L-tryptophan, and pi-kynurenine at lower concentrations, is not 
only inconsistent with the accepted steps in niacin synthesis, but stands in 
sharp contrast to reports that it is approximately one-third as active as 
tryptophan for L. arabinosus (19, 21, 22). The observed toxic nature 
confirms the findings of others (15, 22, 23). 

These experiments have indicated that X. prunz has the ability to 
synthesize nicotinic acid when tryptophan is supplied. On the other 
hand, this organism has an adequate capacity to produce tryptophan in 
the presence of nicotinic acid. This observation is in agreement with the 
results of Beadle et al. (18), who suggested that nicotinic acid might act 
catalytically in the synthesis of tryptophan by Neurospora mutant 65001. 


SUMMARY 


Xanthomonas pruni can use tryptophan and a number of other postu- 
lated niacin precursors to satisfy its requirement for this vitamin. The 
relative molar activities of indole, tryptophan, kynurenine, 3-hydroxy- 
anthranilic acid, nicotinic acid, and nicotinamide conform with the path- 
way of biosynthesis indicated by studies with Neurospora mutants. How- 
ever, anthranilic acid exhibits greater activity at low concentrations than 
does indole, L-tryptophan, or pi-kynurenine. Quinolinic acid possesses 
small but measurable activity at pH 6 to 7. High levels of indole or 
anthranilic acid are inhibitory in the absence or presence of nicotinic 
acid. The complete interchangeability of nicotinic acid and tryptophan 
for growth has led to the suggestion that nicotinic acid is required for 
tryptophan synthesis by this bacterium. 
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REPLACEMENT OF THE PYRUVATE OXIDATION 
FACTOR BY CARBON DIOXIDE* 


By V. L. LYTLE, 8S. M. ZULICK, anno D. J. O’KANE 


(From the Laboratory of Microbiology, Department of Botany, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, November 17, 1950) 


The catalytic réle of the pyruvate oxidation factor (1, 2) in the produc- 
tion of active acetate for lipide synthesis by lactic acid bacteria has been 
described by Snell and Broquist (3). In the course of a survey of the 
pyruvate oxidation factor (POF) and acetate requirements of a collection 
of lactic acid bacteria, several strains were found that required either ma- 
terial for growth on gluconate, but grew well on glucose in their absence. 
On gluconate media these substances could be replaced with either bicar- 
bonate, malate, or succinate. 


EXPERIMENTAL 


Stock Cultures and Inoculum—Streptococcus faecalis 734, from the Cor- 
nell University collection, was kept as previously described (2). To pre- 
pare inoculum the organism was removed from stock to a tube of broth 
(1 per cent tryptone, 1 per cent yeast extract, 0.5 per cent K2HPO,, 0.1 
per cent glucose, and 10 per cent liver infusion). After 4 hours growth 
at 37°, a transfer was made to a second tube, which was used to prepare 
inoculum after 4 hours growth. The cells were centrifuged from the broth, 
washed once with 0.9 per cent saline, and resuspended in saline until just 
visibly turbid. 1 drop of such a suspension was used to inoculate each 
5 ml. of medium. 

Medium—The medium previously described (2) was prepared, but the 
acetate in the strepogenin preparation was replaced with sulfate and glu- 
cose omitted. The double strength complete medium was acidified to pH 
2 and continuously extracted with benzene for 24 hours. The benzene 
flask contained soda lime to prevent acetic acid from distilling. The ex- 
tracted medium was neutralized to pH 6.8 with carbonate-free sodium 
hydroxide. The yeast extract used was similarly treated in a 10 per cent 
solution. As an energy source glucose, or gluconate, was added to the 
double strength medium in 1.0 per cent concentration. The gluconate 
was prepared by treating p-glucono-é-lactone' with an equivalent of CO:- 
free NaOH. 


* Supported in part by grants from the Committee on the Advancement of Re- 
search of the University of Pennsylvania, and Eli Lilly and Company. 

‘A generous supply of this compound was provided by Dr. G. O. Cragwall of 
Chas. Pfizer and Company, Inc. 
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The POF preparation, 2300 times purified from yeast extract, was pro- 
vided by Dr. I. C. Gunsalus. 

Solutions of test materials were added to 2.5 ml. of the double strength 
basal medium in 16 mm. test-tubes, the volume was adjusted to 5 ml. 
with water, and the tubes were plugged with cotton and autoclaved at 
120° for 10 minutes. All incubations were at 37°, and growth was meas- 
ured with an Evelyn colorimeter with a No. 660 filter. 
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Fic. 1. The effect of acetate, yeast extract, and POF on growth of S. faecalis 
734 on glucose and gluconate. No addition (O); POF, 0.28 y (©); yeast extract, 
5 mg. (@); sodium acetate, 5 mg. (@). 


Results 


Strain 734, like strain 10CI (1, 2), is able to grow in glucose media which 
contain no added acetate or POF. Benzene-extracted yeast extract and 
a preparation of POF stimulate growth (Fig. 1). Growth is also stimu- 
lated by the addition of acetate. When gluconate is furnished instead of 
glucose aS an energy source, no growth occurs unless either acetate, or 
yeast extract, or POF is added. Yeast extract permits growth at a rate 
comparable to that on glucose media, but acetate and POF are only effec- 
tive after an appreciable lag. The form of POF in the purified prepara- 
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tions is different from the form occurring in yeast extract and may be 
somewhat less available to the cells, or other materials in yeast extract 
may be involved. The lag in growth on acetate may represent some diffi- 
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Kia. 2. The response of S. faecalis 734 to additions of POF to gluconate media. 

The solution of POF contains 1.5 y per ml. 

h culty in forming active acetate. Gluconate supports greater growth than 
d glucose, probably because the gluconate medium is better buffered. 
. The response of low levels of acetate or POF is somewhat erratic. Lev- 
els of factor that give reasonably reproducible results show differences in 
= growth approximately proportional to POF concentration only in the early 
= stage of incubation (Fig. 2). If incubation is continued, all the tubes con- 
ni taining levels of factor in this range eventually reach the same amount of 
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compound for which the concentration must reach a critical level before 
growth can proceed at a normal rate. With lower concentrations of POF, 
growth may or may not occur, depending on whether or not the critical 
concentration is reached before irreparable damage has been done to the 
inoculum. 

Not infrequently, growth will appear in control tubes which contain no 
added acetate or POF. 

Table I lists the compounds that support growth on the gluconate me- 
dium. Malate, succinate, and bicarbonate give results comparable to those 
with acetate or POF. Fumarate and a-ketoglutarate produce variable 
results in the concentrations tested. Apparently the experimental condi- 
tions are not completely controlled. Formate will not support growth, as 
would be expected, since this organism does not convert formate to COs.. 
Increasing the concentration of casein hydrolysate does not support growth; 


TABLE I 
Ability of Certain Compounds to Support Growth of S. faecalis 734 in Gluconate Media 


Active Variable Inactive 
Sodium acetate (5 mg.) Sodium a-ketoglutarate | Sodium formate (5 mg.) 
POF ‘0.1 y) (5 mg.) Casein hydrolysate (10 
Sodi:m malate (4 mg.) Sodium fumarate (5 mg.) mg.) 


succinate (5 mg.) 
bicarbonate (10 mg.) 


thus amino acids in the usual concentrations are probably not involved. 
In agreement with the results of Guirard, Snell, and Williams (4), none 
of the compounds active on gluconate will permit growth of those strains 
which require acetate or POF for growth on glucose-containing media. 


DISCUSSION 


The failure of strain 734 to grow on gluconate, unless acetate or POF is 
added, indicates that some source of C2 units is available from glucose, 
since neither substance is required for growth on glucose. 

The replacement of the acetate or POF requirement by bicarbonate or 
C, acids may be explained by assuming that CO, condenses with pyruvate 
from energy metabolism to form oxalacetate, which is reduced to malate, 
which is then converted to fumarate, and thence to succinate. The suc- 
cinate may be expected to yield 2 moles of acetate (or active acetate), 
since Slade and Werkman (5) have shown that acetate is reversibly con- 
verted to succinate. The erratic response to fumarate weakens this argu- 
ment, but some uncontrolled experimental condition or permeability may 
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be responsible. Clearly more experimentation, particularly with isotopi- 
cally labeled compounds, is indicated. 

The interchangeability of acetate and CO, is somewhat surprising, since 
Ajl and Werkman (6) could not replace the CO, requirement of Esch- 
erichia colt or Aerobacter aerogenes with acetate. 

Tuttle and Scherp (7) have reported that the requirement of Neisseria 
meningitidis for CO. for growth may be replaced by a substance in yeast 
extract having properties similar to those of POF. The findings presented 
indicate that this substance may be identical with POF. 

The interchangeability of POF and CO, for growth suggests that, in 
tissues in which the tricarboxylic acid cycle predominates, POF may have 
an additional function, that of maintaining the CQO, concentration high 
enough to stabilize the oxalacetate concentration. Kidder et al. (8) have 
presented evidence that the production of acetate is only part of the func- 
tion of POF for Tetrahymena geleit. 


SUMMARY 


1. The growth of Streptococcus faecalis, strain 734, in acetate-free glucose 
media is stimulated by acetate or pyruvate oxidation factor. In acetate- 
free gluconate media, one of these materials is required for growth. 

2. The requirement for acetate or pyruvate oxidation factor in glu- 
conate media may be replaced with either bicarbonate, malate, or suc- 
cinate. 
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EFFECT OF INCOMPLETE HYDROLYSIS ON MICROBIO- 
LOGICAL DETERMINATION OF AMINO ACIDS* 


By M. KLUNGS@YR,f R. J. SIRNY, anp C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, October 9, 1950) 


In previous reports from this laboratory, hydrolysis with 2 to 3 Nn HCl 
for 5 to 10 hours at 121° has been used in the microbiological determina- 
tion of different amino acids in meats (1-8). Further work revealed that 
slightly higher values for phenylalanine were consistently obtained with 
Lactobacillus delbrueckii 3 than with Leuconostoc mesenteroides or Lactoba- 
cillus arabinosus as assay organisms. Hydrolysis with 2 N HCI for 5 hours 
at 121° had been used for the determinations, and it was suspected that 
the observed differences might be due to a differential utilization of pep- 
tide-bound phenylalanine in incompletely hydrolyzed meats. 

The present work was undertaken to study the effect of this amino acid 
on the three microorganisms when present in short time meat hydrolysates, 
and also to establish optimal hydrolysis conditions for phenylalanine in 
meats. 

Preliminary results of chromatographic investigations revealed slow re- 
lease of phenylalanine and certain other amino acids from meat proteins. 
These included, among others, valine, leucine, isoleucine, and tyrosine, all 
of which can be determined with both L. delbrueckii and L. mesenteroides, 
and all except tyrosine with L. arabinosus. Accordingly, these four amino 
acids were studied along with phenylalanine. 


EXPERIMENTAL 


Preparation of Samples—Fresh cuts of beef round were lyophilized and 
ether-extracted as described by Sirny et al. (9). Total nitrogen was de- 
termined and all values are based on the total crude protein (N X 6.25) 
in the dry samples. 

The hydrolysis was carried out for different lengths of time with 1, 3, 
and 5 Nn HCl in an autoclave at 121°, or with 6 N HCl in an electric oven 
at 105°. In the latter case, sealed evacuated tubes were used. 40 ml. of 
standardized acid were added for each gm. of sample. 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the National Live Stock 
and Meat Board. 

t On a grant from Royal Norwegian Council for Scientific and Industrial Re- 
search. Present address, Norwegian Herring Oil and Meal Industry Research In- 
stitute, Bergen. 
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For the chromatographic work, and in some cases also for the micro- 
biological assays, the hydrochloric acid was removed by distillation under 
a vacuum at a temperature below 40°. Other samples were neutralized 
directly with KOH to approximately pH 5. All samples were diluted to a 
suitable volume and kept under toluene at 5° until used. The chromato- 
graphic samples were diluted with 50 per cent EtOH and stored as such. 

Assay Procedures—The organisms used in these studies were L. del- 
brueckit 3, L. arabinosus 17-5, and L. mesenteroides P-60. The strain of L. 
delbrueckii used in our laboratory has been previously described (9). The 
microbiological techniques and assay procedures were essentially the same 
as those described by Henderson and Snell (10), though slightly modified 
according to recent findings.! Sodium citrate and sodium acetate were 
replaced by the corresponding potassium salts, and the cells for the inoc- 
ula were suspended in 0.9 per cent KCl. The time for the sterilization 
was reduced to 5 minutes at 121°. | 

Standard solutions were prepared to contain the equivalent of 16 y of 
L-phenylalanine, 30 y of L-leucine, isoleucine, and valine, and 20 y of 
L-tyrosine per ml. for assays with L. delbrueckii, and exactly half these 
amounts for assays with L. arabinosus and L. mesenteroides. In the tur- 
bidimetric assays higher concentrations of standards sometimes were used. 
Leucine and isoleucine were added as the L-amino acids, while the other 
three amino acids were used in their pt form. Standards were added at 
five different levels and samples at six different levels in each six tube row 
(9), and each result was based on at least four rows of standard and two 
rows of sample. 

When KOH-neutralized hydrolysates were used in these assays, the 
standard solutions were adjusted with an equimolar amount of KCI. 
This was necessary especially when 5 N and 6 N HCl had been used for 
the hydrolysis, since high salt concentrations caused considerable changes 
in the standard curves. All titrimetric assays were incubated for 72 
hours in an air incubator at 37°. 

Turbidimetric assays were carried out with all constituents of the me- 
dium at the same concentrations as in the titrimetric determinations, but 
in a total volume of 10 ml. per tube. The turbidity was measured at 660 
my with an Evelyn colorimeter. The inoculum was prepared after carry- 
ing the bacteria through two liquid subcultures of enriched medium, and 
special care was taken to insure a uniform dilution of the cells each time 
and the same amount of inoculum in each tube. 

Chromatographic separations were carried out on Whatman No. 1 filter 
paper (11) in large glass jars at room temperature (21—25°). The ascend- 
ing technique (12) was employed mostly, since this seemed to be the least 
sensitive to changes in the temperature during the run. 


1 To be published later by R. J. Sirny, O. R. Braekkan, and C. A. Elvehjem. 
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Butanol-propionic acid mixtures, in the ratio of 7:3, saturated with 
water at 1—-2° below working temperature, were used for the one-dimen- 
sional separations. The propionic acid content was sometimes lowered to 
slow down the rate of movement of the free amino acids. In two-dimen- 
sional separations, water-saturated phenol with an ammonia atmosphere 
was used for the first run, and KCN was used to suppress the color reac- 
tions with phenol (11). 

The samples were diluted to contain approximately 50 mg. of protein 
per ml., and 5 to 10 ul. of this solution were applied to the paper in each 
spot. Larger amounts of the material were obtained by putting on sam- 
ples at 2 cm. intervals along the entire edge of the paper. 

Spots were eluted only from one-dimensional chromatograms, with nin- 
hydrin-colored strips as indicators. The method reported by Work (13) 
was adopted when only small amounts were eluted. For isolating larger 
amounts, the paper containing the spots was cut into small pieces, packed 
tightly in a column, and water was allowed to pass through slowly for 1 to 
2 hours. The eluates were concentrated under a vacuum below 40° and 
made up to convenient volumes. Hydrolysis was carried out on the dry 
residues with 3 N HCl at 121° in sealed tubes. 


Results 


Microbiological Investigations—Titrimetric assays incubated for 72 hours 
were conducted for phenylalanine on samples hydrolyzed with 1, 3, 5, 
and 6 N HCl for different lengths of time. Similar assays were carried out 
for leucine, isoleucine, tyrosine, and valine on samples hydrolyzed with 3 
N HCl for the different lengths of time. The values are presented in 
Tables I and II as gm. of amino acid per 100 gm. of crude protein. It is 
seen that no apparent peptide stimulation, 7.e. activity greater than that 
accounted for by the amino acid itself, was encountered even under the 
mildest conditions of hydrolysis. However, L. delbruecktt appears to uti- 
lize all the amino acids tested to the extent of 100 per cent, regardless of 
the degree of hydrolysis. The 1 hour hydrolysates showed slightly lower 
values in some cases, but this might be due to some undissolved sample 
after so short a hydrolysis time. Also, the values obtained with L. arabino- 
sus and L. mesenteroides in the short time hydrolysates are surprisingly 
high when compared to the a-amino nitrogen determined by the Van 
Slyke ninhydrin method. As will be seen later from the chromatographic 
studies, these two organisms are also able to utilize the bound amino acids 
to a very high extent. 

The assays were repeated turbidimetrically with 20 hour incubation 
periods on salt-free hydrolysates. In the case of phenylalanine, for which 
longer incubation times were also studied, and tyrosine (Figs. 1 and 2), 
the apparent amino acid contents determined with L. delbrueckii are much 
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Effect of Time and Acid Concentration in Hydrolysis on Per Cent Phenylalanine 
Found in Meat Protein with Three Different Microorganisms* 


LD-3 L. arabinosus LD-3 L. arabinosus 
1 HCl, 121° 3 nN HCI, 121° 
hrs. 
1 3.78 2.32 1.98 3.90 3.40 3.48 
3 4.15 3.30 3.40 4.20 3.86 4.00 
5 4.20 3.55 3.70 4.15 4.08 4.09 
10 4.30 3.88 3.88 4.04 4.08 4.13 
15 4.27 3.91 4.04 4.04 4.14 4.21 
20 4.02 4.18 
25 4.17 3.96 4.04 4.15 4.24 4.34 
5 n HCl, 121° 6 N HCI, 105° 
1 4.03 3.92 3.90 3.89 3.30 3.38 
3 4.22 4.22 4.20 4.14 4.14 4.12 
5 4.13 4.12 4.18 4.07 4.09 4.12 
10 4.03 4.15 4.11 4.02 4.19 4.08 
15 4.09 4.20 4.02 3.91 4.19 3.95 
25 4.09 4.20 4.01 3.81 3.92 3.80 


* Lactobacillus delbrueckii 3 (LD-3), Lactobacillus arabinosus, and Leuconostoc 
mesenteroides. Incubation time 72 hours. 


TABLE II 


Effect of Time of Hydrolysis* on Per Cent Tyrosine, Valine, Leucine, and Isoleucine 
Found in Meat Protein, 72 Hour Assay 


LD-3 | L. arabinosus | mesen- LD-3 L. arabinosus| mesen- 
Tyrosine Valine 
hrs. 
1 3.40 2.98 4.99 5.22 
3 3.58 3.30 5.56 5.73 
5 3.43 3.50 5.53 5.80 
10 3.45 3.50 5.80 
15 3.48 3.44 5.55 5.80 
20 3.53 3.50 5.77 5.75 
25 3.58 3.40 5.64 5.94 
Leucine Isoleucine 
1 7.85 7.03 6.80 5.50 5.00 4.25 
3 8.04 7.51 7.57 5.75 .50 5.11 
5 7.99 7.51 7.54 5.57 5.65 4.98 
10 7.93 7.55 7.57 5.75 5.17 
15 7.95 7.60 7.80 5.45 5.75 5.35 
20 7.73 7.60 7.69 | §.75 5.85 5.45 
25 8.05 7.85 | 5.66 5.90 5.63 


*3 Nn HCI at 121°. 
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higher than those found with L. mesenteroides. This stimulatory effect is 
seen to decrease rapidly with either longer hydrolysis or increased incuba- 
tion. Because phenylalanine values with L. arabinosus were almost iden- 
tical to those with L. mesenteroides, they have not been plotted. The 
results of 72 hour titrimetric studies (Curves A and B) on these same hy- 
drolysates are presented for direct contrast. It should be pointed out that 
because of the high response of the short time hydrolysates the assay 
values are based on only the two or three lowest levels of added sample. 
Furthermore, a downward drift with increasing sample concentration was 
also observed with these hydrolysates. Accordingly, these values must 
be considered less accurate than the results with the more completely 
hydrolyzed meat. However, the stimulatory effect, as well as the reason 


FIG. | PHENYLALANINE + FIG. 2 TYROSINE 


| L. MES. | 
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L. 


= 

Fies. 1 anp 2. Effect of time of hydrolysis and incubation on the per cent phenyl- 
alanine and tyrosine found in meat protein. Hydrolysis conditions, 3 N HCl at 
121° for the length of time indicated. Incubation, Curves 1 and 4, 20 hours; Curve 
2, 29 hours; Curve 3, 66 hours; Curves A and B, 72 hours. 


for the downward drift with increasing sample concentration, is clearly 
seen in Figs. 3 and 4, where a comparison of sample curves to standard 
curves is presented. The concentration of phenylalanine and tyrosine in 
the samples is based on the titrimetric values previously found. In Fig. 3, 
the absence of the lag in Curve A for the 1 hour hydrolysate compared to 
that found in the 25 hour hydrolysate (Curve C) and in the standard 
should also be noted. 

In marked contrast to the results with phenylalanine and tyrosine, the 
data in Table III reveal no significant stimulation of L. delbrueckii by par- 
tial hydrolysates when isoleucine, leucine, and valine are being determined 
in a 20 hour turbidimetric assay. However, the values for the 1 hour 
hydrolysates are almost as high as those for the more complete hydroly- 
sates in nearly all cases, suggesting that all three organisms are able to 


utilize these three amino acids quite readily in the bound as well as free 
form. 
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Under our assay conditions, a typical lag always appears in the stand- 
ard curves for valine and isoleucine when determined with L. mesenteroides 
and L. arabinosus, respectively. The lag is most exaggerated when a 
short incubation time is used, as is seen in Figs. 5 to 8 in which a compari- 
son between 20 hour turbidimetric and 72 hour titrimetric assays is pre- 
sented. The absence of this lag in sample curves from 1 hour hydroly- 
sates is also seen in Figs. 5 to 8. Since the true concentrations of these 
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20 40 60 60 TUBE 24. 48 72 96 
Fics. 3 anp 4. Response of L. delbrueckii to phenylalanine and tyrosine in meat 
hydrolysates compared to the standard curves. Hydrolysis conditions, Curve A, | 
hour; Curve B, 10 hours; Curve C, 25 hours. Incubation, 20 hours. 


TABLE III 


Effect of Time of Hydrolysis* on Per Cent Valine, Leucine, and Isoleucine Found in 
Meat Protein, 20 Hour Assay 


Valine Leucine | | Isoleucine 
Time 
LD-3 | “inosus | deroides | ED-3 | “inosus “ierosdes | ED-3 | | 
1 | 4.93 | 4.40 | 5.98 | 7.32 | 7.22 | 6.75 | 4.65| 5.83} 4.31 
3 | 5.05 | 4.82 | 6.22 | 7.55 | 7.75 | 7.25 | 4.97| 5.98] 4.82 
10 | 5.30 | 5.26 | 5.86 | 7.55 | 8.15 | 7.70 | 5.35| 5.90| 5.20 
25 | 5.56 5.50 | 5.75 | 7.38 | 7.94 7.70 5.50) 5.70) 5.45 


*3 n HCI at 121°. 


amino acids in the hydrolysates are not absolutely known, they have been 
calculated on the basis of the best previously determined titrimetric values 
obtained with all three organisms. It is felt that these calculated con- 
centrations are sufficiently accurate to permit reliable comparison of the 
sample curves to the standard curves. However, the objections which 
may be involved in this comparison are not present in the direct compari- 
son of the two sample curves in each figure, since these are based on ex- 
actly the same amount of starting material. Thus, an effect which ap- 
pears to be different from the greater phenylalanine-tyrosine stimulation 
of L. delbrueckii is seen in the counteraction of these lags by the short time 
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hydrolysates. It should be further noted that, even though stimulation 
is present at the lower concentrations of the 1 hour curves, the curves for 
the 25 hour sample and the standard curves are actually more elevated at 
higher concentrations. Brickson et al. (14) have shown that these particu- 
lar lags are due to an antagonism between isoleucine, leucine, methionine, 
and valine. The partial meat hydrolysates may contain factors, labile to 
prolonged acid treatment, which are capable of overcoming this antago- 
nism. That these factors are peptide in nature is strongly suggested by 
our results, but purified proteins would have to be used for proof. 


140 FIGS VALINE = $J|FIG7ISOLEUCINE _ 
72 HOURS | L. ARAB, 72 HOURS 
of 
STANDARD 


+ HR. HYDROLYSATE 
25HR. HYDROLYSATE - 


_ FIG. 8 ISOLEUCINE. 


40 60 80 
UBE 
Fics. 5 10 8. Response of L. arabinosus to isoleucine, and of L. mesenteroides to 
valine, in meat hydrolysates, compared to the standard curves. Incubation, 20 and 
72 hours, as indicated. The concentration of the samples was the same in both 


cases. The keys are the same for all the figures. 100 counts = 2 ml. of 0.1 N 
NaOH. 


Chromatographic Investigations—Meat samples, hydrolyzed with 3 N 
HCl, were separated one-dimensionally on paper. One spot moving faster 
than any of the amino acids always appeared in the chromatograms of the 
short time hydrolysates. Slow color development with ninhydrin and 
disappearance after 15 to 20 hours hydrolysis suggested the presence of a 
peptide fraction. When the spot was eluted from the chromatographed 
1 hour sample, hydrolyzed for 25 hours, and rechromatographed two- 
dimensionally, eight new spots appeared. Of these tyrosine, alanine, 
threonine, glycine, serine, and glutamic acid were identified from their po- 
sitions in the chromatogram. Of the two remaining spots, one could con- 
tain phenylalanine, leucine, isoleucine, and the other valine and methio- 
nine, all of which were subsequently shown to be present. 
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The method demonstrated in Fig. 9 was employed in the identification 
of these unseparated amino acids, and was further used to study their 
availability to microorganisms when bound in the peptide fraction. Du- 
plicates A and B of each sample were run side by side on the paper. After 
drying, each pair was divided into strips 2 to 3 cm. wide. Strip B was 
colored with ninhydrin for identification, and Strip A was cut into num- 
bered sections 1 cm. high. Each section was placed in a test-tube, and 
2 ml. of single strength medium, complete except for omission of the 
amino acid to be tested, was added. The tubes were inoculated, incubated 
for 72 hours, and titrated as usual. Controls were run on a mixture of 


/% AMINO ACID MIXTURE | HOUR SAMPLE 

tt 
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Fic. 9. Identification of phenylalanine and phenylalanine-replacing compounds 
by means of a combined chromatographic-microbiological technique. Spot 1, phenyl- 
alanine, leucine, isoleucine; Spot 2, peptide fraction. Area 1 in the curves, re- 
sponse of the organism to phenylalanine. Area 2, response to phenylalanine present 
in the peptide fraction. Strip A, chromatogram used for the assay; Strip B, chro- 
matogram colored with ninhydrin. 


the eighteen amino acids known to be present in meat. No inhibition 
due to the solvent was observed in the assays, possibly because the papers 
had been dried very carefully. 

In Fig. 9 is shown schematically the ‘‘titration” curve when an amino 
acid mixture and the 1 hour sample were tested for phenylalanine (Spot 
1). Area 2 on the curve corresponds to the fast moving peptide fraction 
(Spot 2) and the growth response must be due to phenylalanine present 
in this fraction. 

Precaution was taken not to overload the paper when chromatograms 
for this purpose were prepared. When additional material was needed to 
get a definite microbiological response, two chromatograms run side by 
side were applied in the assay. In general the 5 to 10 ul. of the solution 
used for ordinary chromatography were sufficient. 


DP 
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By use of this technique it was found that chromatograph sections of 
Spot 2 (the fast moving peptide fraction) from 1 hour hydrolysates carried 
phenylalanine activity of the magnitude demonstrated in Area 2 of Fig. 9 
for all three microorganisms. Similar sections from 5 hour hydrolysates 
carried less activity, which was still further diminished in the 10 hour 
samples. The 15 hour hydrolysates gave rise to sections which had de- 
tectable activity only for L. mesenteroides, while 20 hour hydrolysates 
showed no activity. Tyrosine activity of similar sections for L. delbrueckii 
in the different hydrolysates followed essentially the same pattern. 

The activity of the peptide fraction for isoleucine, leucine, methionine, 
and valine was tested in a slightly modified manner. A small amount of 
the peptide fraction given by 1 hour hydrolysates was eluted as described 
previously. This was then rechromatographed directly and after 5 and 
20 hours hydrolysis. Microbiological tests were made as above on the 
entire sectioned chromatograms. In all cases, the unhydrolyzed eluate 
gave maximal activity in the region of the peptide fraction and none in 
the areas where the free amino acids appeared in the control chromato- 
grams. After 5 hours hydrolysis, the major response was in the free 
amino acid region, though significant activity was still found in Spot 2. 
However, even after 20 hours hydrolysis, detectable activity was dis- 
cerned in the peptide area in the case of isoleucine, and possible activity 
was indicated for leucine and valine. 

Some attempt was made to put this method on a quantitative basis, 
but more work will be needed before this possibility in the combined tech- 
nique can be evaluated. 

Enough material of the peptide fraction was obtained to carry out an 
ordinary microbiological assay for phenylalanine in the fraction before 
and after 20 hours hydrolysis, with incubation periods of 72 hours. If 
the average of the values obtained with all three microorganisms after 20 
hours hydrolysis was set at 100 per cent, L. delbrueckii utilized 104 per 
cent of the phenylalanine in the non-hydrolyzed fraction, L. arabinosus 
80 per cent, and L. mesenteroides about 60 per cent. Other amino acids 
were not tested in this way, nor were shorter incubation times investi- 
gated. 


DISCUSSION 


The ability of lactic acid bacteria to utilize peptide-bound amino acids 
to varying degrees has been known for some time (15-18). Partially 
acid-hydrolyzed casein and tryptic digests of casein and several other puri- 
fied proteins have been shown to stimulate the growth of a variety of bac- 
teria (19-21). Sprince and Woolley (21) suggested a peptide structure 
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for the compound responsible for this effect. Synthetic peptides have 
also been shown to have this “‘strepogenin”’ activity, although to a lesser 
extent than protein digests (18, 22). Riesen et al. (23) demonstrated a 
stimulatory effect by glutathione when tested on Lactobacillus casei; how- 
ever, the activity of this peptide could be qualitatively distinguished from 
that of strepogenin and synthetic peptides (22). De Verdier and Agren 
(24, 25) have fractionated tryptic digests of casein by means of electro- 
dialysis and chromatography. ‘They showed that more than one factor 
was responsible for the stimulatory effect of the digest on L. caset. Prob- 
ably peptide stimulation is more general than can be accounted for by 
one or a few compounds of defined chemical nature. 

In the present work three different types of microbiological response to 
partial hydrolysates have been noted. Their marked stimulatory effect 
for phenylalanine and tyrosine utilization by L. delbrueckii in 20 hour 
assays suggests a peptide (or peptides) containing these amino acids which 
is too slowly synthesized for rapid growth, yet not essential in longer 
assays. In many respects the response parallels that of L. casez to strepo- 
genin, and the two organisms are closely related (9). Stokes e¢ al. (26) 
have shown that the strepogenin activity of trypsin-digested casein dis- 
appears after 42 hours incubation. Rickes et al. (27) have demonstrated 
its non-essential nature by developing a chemically defined complete me- 
dium which probably includes factors needed for the rapid synthesis of 
strepogenin. However, there is no indication that the two peptides are 
identical, since Woolley has obtained strepogenin concentrates that are 
free of detectable phenylalanine (28). 

The ability of L. mesenteroides and L. arabinosus to respond to partial 
hydrolysates without the lag that is characteristic of the standard curves 
for valine and isoleucine, respectively, illustrates another type of effect. 
Since the lag is relatively unaffected by incubation time, the slight stimu- 
latory effect at the lower levels is found in both short and long time assays. 
Hac et al. (29) noted in 1945 that tryptic digests of casein eliminated the 
initial plateau in standard curves for glutamic acid, in which assay a glu- 
tamic-aspartic acid antagonism was later demonstrated by Brickson et al. 
(14). The partial hydrolysates may exert their observed effect by over- 
coming the antagonism between free amino acids, and may be another 
manifestation of direct utilization of intact peptides by microorganisms. 

The third type of response to peptides is typified in the utilization of 
leucine by all three microorganisms. It is probably the most frequently 
encountered type, with varying degrees of activity up to 100 per cent, 
based on the total amino acid present. Whereas direct use of certain pep- 
tides offers the most logical explanation for the stimulatory effects ob- 
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served in the first two types of response, this third type appears to depend 
on the extent to which the organisms are able to hydrolyze specific peptide 
combinations. 

Recently Dunn and McClure (30) found that for eight out of nine amino 
acids tested the response of L. casei to partial hydrolysates of casein and 
bovine plasma albumin was greater than to like amounts of the amino 
acids in free form. Even though conditions of hydrolysis and assay dif- 
fered considerably, our results are essentially in good agreement. The 
lower portions of their standard curves, at concentrations comparable to 
ours, reveal only slight stimulation in the case of leucine and isoleucine, 
but show a marked stimulation in the case of phenylalanine and tyrosine, 
which also disappears almost completely with longer incubation. 

Nothing can be said about the size and number of the peptides present 
in the fast moving fraction obtained by chromatography. Neither can it 
be concluded that this fraction alone is responsible for the effects of short 
time hydrolysates on L. delbrueckii, L. arabinosus, and L. mesenteroides. 
The different response of the three organisms to the amino acids tested in 
the partial hydrolysates suggests the presence of peptides of varying bio- 
logical nature. 

For its practical application in microbiological assays the present work 
shows the importance of adequate hydrolysis, especially when a lag occurs 
in the standard curves or a short time of incubation is employed. Pro- 
longed hydrolysis will probably, in many cases, eliminate the frequently 
observed downward drift for increasing levels of added sample. 

No significant destruction is observed for any of the amino acids in- 
vestigated when 3 N HCl is used for the hydrolysis of meat proteins, even 
after 25 hours. Hence, there should be no danger in extending the time 
far enough to avoid any of the possible errors discussed above. 


SUMMARY 


The response of Lactobacillus delbrueckii 3, Lactobacillus arabinosus, and 
Leuconostoc mesenteroides to phenylalanine, tyrosine, leucine, isoleucine, 
and valine found in meat hydrolyzed under different conditions was stud- 
ied. 

All three microorganisms have been shown to utilize peptide-bound 
amino acids to a very high degree. Phenylalanine, leucine, isoleucine, 
and tyrosine appear to be completely utilized by L. delbrueckii 3 when 
72 hour incubation periods are used for the assays. 

Phenylalanine and tyrosine in partial hydrolysates exhibit a clear stimu- 
latory effect on L. delbrueckii 3 when a shorter incubation time is employed. 
This suggests the presence of a compound containing phenylalanine and 
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tyrosine which is needed by the organism and is synthesized too slowly 
for growth. 

The antagonistic effect of other amino acids encountered in the response 
of L. arabinosus and L. mesenteroides to isoleucine and valine, respectively, 
is counteracted by peptides or by other acid-labile compounds present in 
incompletely hydrolyzed meat. 

A peptide fraction was isolated by means of chromatography from meat 
hydrolyzed with 3 N HCl at 121° for 1 hour. Of the eleven amino acids 
found in this fraction, all that were tested could be utilized by the organ- 
isms in peptide combination. 

A combined microbiological-chromatographic method proved very use- 
ful in identifying amino acids and revealing their growth-promoting effect 
when present in peptides. 


The authors wish to acknowledge gratefully the technical assistance of 
Mrs. Joyce M. Thompson throughout the course of this work. 
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LIVER GLYCOGEN* 
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Valeric acid, as well as other odd numbered straight chain, saturated 
fatty acids, has long been known to be a glycogenic substance (2). Ringer 
(2), on administering valerate to phlorhizinized dogs, found the excretion 
of extra glucose to be practically the same as when equimolar amounts of 
propionate were given. Deuel eé al. (3) showed that the quantitative de- 
position of glycogen was approximately the same following the feeding of 
equimolar amounts of various odd numbered fatty acids. It was con- 
cluded that odd numbered fatty acids are B-oxidized to the terminal 3 
carbons from which propionic acid is formed, and that it is this acid which 
is gluconeogenic, the other carbons not contributing to glycogen formation. 
A similar postulate had been advanced earlier by Ringer (2). Jowett and 
Quastel (4) demonstrated that acetoacetate formation would occur on in- 
cubation of the Cs, Cz, and Cy acids with slices of guinea pig liver, but not 
when propionate was used. MacKay eé al. (5) fed odd numbered fatty 
acids (C3 through Cy) to rabbits and demonstrated an increase in the 
level of blood ketones, except when propionic acid was given. These 
workers concluded that odd numbered fatty acids were B-oxidized to form 
propionate and that the 2-carbon residues produced were the source of 
acetone bodies, the propionate residue not contributing to acetone body 
formation. More recently Grafflin and Green (6) have studied the oxygen 
utilization of a kidney enzyme preparation, employing various odd and 
even numbered fatty acids and derivatives. They found oxygen uptake 
with n-valerate, dl-8-hydroxyvalerate, and 8-ketovalerate to be in good 
agreement with the calculated values, assuming propionate, COs, and 
water were the end-products in each case. The enzyme preparation did 
not attack propionate. Using a similar preparation with n-valerate as 
substrate, Atchley (7) has reported the formation of two components with 
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counter-current distribution patterns similar to those of acetic and pro- 
pionic acids. 

The results of the present work, with carboxyl-C",+y-C"-n-valerate 
(CH;-C'H,-(CHz2)2-C"¥OO0ONAa), are in agreement with the above results 
and show clearly that in the metabolism of valerate in vivo the carboxyl 
and y-carbons follow divergent pathways. ‘The present results are in full 
accord with the postulate that valerate is metabolized in the animal body 
by 8 oxidation, yielding a 2-carbon residue and a 3-carbon residue which 
are metabolically similar to acetate and propionate, respectively. 


Methods 


Carboxyl-C® and y-C'!-n-valerate were prepared separately and mixed 
prior to use, thus effecting a doubly labeled n-valeric acid. Carboxy]l- 
C-n-valeric acid was synthesized by the reaction of n-butyl iodide with 
KCN to form valeronitrile. The valeronitrile was separated from the 
potassium iodide and untreated KC"N by vacuum distillation. The val- 
eronitrile was converted to valerate by alkaline hydrolysis. The alkaline 
solution was steam-distilled, then acidified, and the free valeric acid re- 
moved by steam distillation. 

y-C'4-n-Valeric acid was prepared as outlined below. 


CH;-C“OONa -#COCl, CH;-C¥ocl CH;-C“H.OH CH:- 
CH;:-C“H:MgI + — 


CH;:C“H2-CH2- CHal 


CH;-C“H,-CH2-CH.I + KCN — KOH 
COOH 


After the butyloxomagnesium iodide had been formed by the reaction 
of the Gignard reagent with ethylene oxide (8), the contents of the reac- 
tion flask were reduced to dryness in vacuo. Some ethyl ether remains 
bonded to the butyloxomagnesium iodide and gives rise subsequently to 
ethyl iodide. This non-isotopic ethyl iodide was removed from the iso- 
topic butyl iodide by fractional distillation. 

The purity of both the C* and the C™ acids was tested by the partition 
coefficient (9). The partition value (Kos) for n-valeric acid was deter- 
mined on a sample of Eastman Kodak Company’s n-valeric acid which 
had been fractionally distilled on a 400 mm. Widmer column, as well as 
on valeric acid made from reagent grade n-butanol via n-butyl iodide and 
the nitrile reaction. Both reference samples gave Kos partition values of 
11.6 + 0.1. The isotopic valeric acids checked within experimental error. 
These values for n-valeric acid differ from those published previously (9). 
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The general experimental plan and methods employed were similar to 
those described previously (10-12). Four male albino rats, fasted 24 
hours, were fed on the average 2.2 mm of the doubly labeled valerate 
(sodium salt) and 3.5 mm of glucose per 100 gm. of body weight, by stom- 
ach tube. There were 10.7 atoms per cent excess C® in the carboxyl 
carbon and C*™ activity of 24,300 ¢.p.m. per mg. of carbon in the y posi- 
tion of the valerate. Two of the rats were put in metabolism chambers 
for the quantitative collection of the respiratory CO... At the end of 3 
hours the animals were sacrificed and the liver glycogen was isolated and 
hydrolyzed to glucose. The glucose was degraded to yield carbon atoms 
3 and 4, 2 and 5, and 1 and 6 as separate fractions. The fractions from 
the degradation, after conversion to COs, were analyzed for their C™ con- 
tent in the mass spectrometer, as was the respiratory CO... C"™ deter- 
minations were made, after all the samples were converted to BaCO3;, with 
an end window Geiger-Miiller tube. 


RESULTS AND DISCUSSION 


The general experimental data are summarized in Table I. In Table 
II are presented the results obtained from the degradation of the liver 
glycogen. 

The C® from the carboxy] carbon of the valerate appeared in significant 
excess only in positions 3 and 4 of the glucose units of the liver glycogen, 
whereas the C¥ from the y-carbon of the valerate appeared predominantly 
in the 2,5 and 1,6 positions. Within the limits of experimental error 
carbon atoms 1,6 and 2,5 were labeled equally. Over 3 times as much 
C'4 from the y-carbon of the valerate was recovered in the glycogen as of 
the C® from the carboxyl carbon. 

In the respiratory CO, (Table III), the C™ showed, relatively, a much 
greater concentration than did the C* in all the hourly fractions. Over 
twice as much C® from the carboxyl carbon was recovered in the respira- 
tory CO, in the 3 hour period as of C™ from the y-carbon of the adminis- 
tered valeric acid. There was, however, a sharper increase in the rate of 
evolution of C“ compared to C* with each successive hourly fraction. 

These results indicate clearly that the carboxyl and y-carbons of valeric 
acid follow different metabolic pathways. Of the various possible mech- 
anisms, the one which appears most plausible in view of all the available 
data involves 6 oxidation of the valerate to yield 2- and 3-carbon residues 
which are metabolically similar to carboxyl-C'-acetate and a-C'*-propio- 
nate, respectively, with subsequent conversion to liver glycogen. The 
distribution of isotope in liver glycogen following the feeding of carboxyl- 
labeled acetate (11) and a-labeled propionate (13) coincides with the pat- 
terns observed in the present study with doubly labeled valerate. The 
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TABLE. [ 


General Experimental Data 


| 
ma Amount of valerate*, Amount of glucose 
Bod ht Li 1 
gm. nM mM gm. mM 
1 170 2.24 3.53 6.01 1.78 
2 70 2.24 3.53 5.80 : 
3 165 2.23 3.51 5.19 1.59 
4 165 2.08 3.27 4.79 : 
* As CH;- CBOON Aa. 


TABLE II 


Distribution of Isotope in Liver Glycogen after Administration of C',C'3-Valera‘e 


Isotope concentrationt in degradation 
Isotope _concen- fractions of glucose Per cent of 
Experiment Type of tration® in labeled administered 
No. isotope | carbon of adminis- Carbon atoms of glucose isotope recovered 
tered valerate in glycogen 
3,4 3,3 1,6 

1,2 C3 10.7 2.24 0.12f 0.00 1.11 

Ci" 24,300 3.55 3.79 4.00 

3,4 C3 10.7 2.62 0.19t 0.09f 1.29 

Ci" 24 , 300 1.41 4.50 4.38 4.62 


* Expressed as atom per cent excess for C'%, and counts per minute per mg. of 


carbon for C*4. 


+ Expressed as per cent of the isotope concentration in the labeled carbon of the 
administered valerate. 
t The actual atom per cent excess in these samples was between 0.01 and 0.02 


and is therefore of questionable significance. 


Tasie III 
Data on Respiratory COz 
COs cutout Isotope concentration® in Per cent of ad- 
Experi- P Type of respiratory COz ministered iso- 
isotope tope recovered in 
ist hr 2nd hr. | 3rd hr ist hr. dnd hr. | 3rd hr. | Tespiratory CO: 
; mM mM mM 
C3 4.77 5.54 6.23 33.05 
Cis 4.32 4.51 5.17 24.61 


* expressed as per cent of the isotope concentration in the labeled carbon of the 
administered valerate. 
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prior work has shown that carboxyl-labeled acetate labels only carbons 
3 and 4 of glucose, while a-labeled propionate labels carbons 1, 2, 5, and 
6, of the glucose predominantly and equally. 

It is recognized, of course, that similarity of isotope distribution pat- 
terns in liver glycogen does not constitute conclusive proof of the similar- 
ity of metabolic pathways of different substrates. On the other hand, 
such substances as pyruvate (14) and lactate (12), when a-labeled, do not 
demonstrate the complete randomization of isotope in glycogen which is 
characteristic of propionate, but show a higher concentration of labeling 
in positions 2,5 compared to positions 1,6. Although methyl-labeled 
acetate is also known to label liver glycogen equally in the outer pairs of 
carbon atoms (11), it is considered as an unlikely metabolic product of 
y-C'4-valerate. A possible pathway for formation of methyl-labeled ace- 
tate is via w oxidation of the valerate to yield symmetrical glutarate, fol- 
lowed by 6 oxidation of the glutarate. While there is no isotopic evidence 
for or against the w oxidation of valerate as a pathway of quantitative 
significance, prior work with propionate (13) and octanoate (15) has in- 
dicated that w oxidation is not a pathway of detectable magnitude in 
either the odd or even numbered fatty acid studied. 

The presence of C™ exclusively in carbon atoms 3 and 4 of the glucose, 
while consonant with carboxyl-C-“acetate” as an intermediate, is also 
consistent with CQO, fixation as the labeling mechanism (10). However, 
in the present work, as in the studies with acetate (11), the isotope con- 
centration in carbons 3 and 4 is considerably higher than would be expected 
from CQO, fixation alone (10). 

The greater recovery of C" in the liver glycogen than of C* is in agree- 
ment with the postulate that it is the ‘“‘propionate’’ residue of odd chained 
fatty acids that is responsible for the net glycogen deposition. The fact 
that the relative recovery of isotope in the respiratory CO, was appreci- 
ably greater in the case of the C™ would indicate, however, that the ‘‘2- 
carbon” fragments formed enter into oxidative metabolism faster than 
do the “‘propionate”’ residues. 


SUMMARY 


Carboxyl-C® , y-C'-n-valerate together 
with glucose was administered to fasted rats. Over 3 times as much of 
the administered C’4 was recovered in the liver glycogen as of C®. In the 
respiratory COs, however, over twice as much ©’? was recovered as of 
C4. These quantitative differences in isotope recovery would indicate 
that the carboxyl and y-carbons of valeric acid follow different metabolic 
pathways. Furthermore the C" from the carboxyl carbon of the valerate 
labeled only carbon atoms 3 and 4 of the glucose of liver glycogen, while 
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~the C™ from the y-carbon labeled glucose carbons 1,6 and 2,5 predomi- 
nantly and equally. Since the distribution of C™ in liver glycogen is 
similar to that observed on feeding carboxyl-labeled acetate and the dis- 
tribution of C™“ corresponds to patterns observed following the adminis- 
tration of a-labeled propionate, the present results with the doubly labeled 
valerate are in accord with an in vivo metabolic pathway for n-valeric acid 
involving 8 oxidation to “‘acetate’”’ and ‘‘propionate.”’ 


The authors wish to acknowledge the aid of Mr. Julien Bordeaux in 
the synthesis of the isotopic compounds. 
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Several years ago Gale proposed a procedure for the determination of 
glutamic acid based upon the quantitative decarboxylation of glutamic 
acid by Clostridium welchii, strain SR 12 (2, 3). More recently Krebs has 
employed this organism for the determination of glutamine (4). It has 
been stated (4, 5) that this organism is inactive towards L-aspartic acid. 
In the course of studies on aspartic-glutamic transaminase in which C. 
welchit suspensions were used to determine glutamate, we observed forma- 
tion of carbon dioxide in control vessels containing a-ketoglutaric acid, 
aspartic acid, and C. welchii. Further study revealed that suspensions of 
this organism yielded equivalent amounts of carbon dioxide from aspartic 
acid at about 10 per cent of the rate for glutamic acid decarboxylation, and 
that the production of carbon dioxide from aspartic acid was considerably 
enhanced by small quantities of all a-keto acids tested as well as by py- 
ridoxal phosphate. Chromatographic studies indicated that carbon di- 
oxide formation from aspartic acid was associated with the appearance of 
equimolar amounts of a-alanine. The present report describes experiments 
on the mechanism of the conversion of aspartic acid to a-alanine and car- 
bon dioxide and its acceleration by a-keto acids. 


EXPERIMENTAL 


The organisms were grown on a medium containing 0.5 per cent yeast 
extract (Difco), 1.5 per cent N-Z-Case (Sheffield), 0.25 per cent sodium 
chloride, 0.005 per cent L-cystine,-and 2 per cent glucose. Most of the 
reported experiments were carried out with organisms grown from a cul- 
ture of C. welchii, strain SR 12, obtained from the American Type Culture 
Collection (No. 6784). Essentially the same enzymatic activity was ob- 
served with organisms of this strain obtained from the National Institutes 
of Health Culture Collection, lyophilized organisms grown at the Univer- 
sity of Wisconsin kindly donated by Dr. P. P. Cohen, and organisms grown 
from a culture obtained through the courtesy of Dr. E. F. Gale. The cul- 
tures were incubated for 12 to 18 hours at 37°; the cells were harvested by 
centrifugation and washed twice with 0.85 per cent sodium chloride. 


* A preliminary report of this work has appeared (1). 
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They were lyophilized immediately and stored at 5°. The cells contained 
between 12.5 and 14.0 per cent nitrogen. 

Cell-free preparations were obtained by shaking 0.5 gm. of dried cells 
with 7 gm. of minute glass beads (0.1 mm. in diameter) in 4 cc. of water 
at —8° for 2 hours in a Mickle shaking apparatus. Shaking of the semi- 
frozen material yielded preparations which were more active than those 
obtained by freezing and thawing, or by shaking at 0°. Equally active 
preparations were obtained by grinding the dry cells with 10 times their 
weight of alumina (Aluminum Company of America, No. A-301) in a 
mortar. Following the shaking or grinding procedure, the material was 
suspended in cold water (20 ce. per gm. of dry cells) and centrifuged at 
18,000 X< g for 20 minutes. The clear supernatant which contained be- 
tween 1.5 and 2 mg. of nitrogen per cc. was used for the enzyme studies, 

The keto acids were obtained as described previously (6). Pure samples 
of L-aspartic and t-glutamic acids were donated by Dr. J. P. Greenstein. 
Cetyltrimethylammonium bromide, semicarbazide hydrochloride, and £- 
alanine were Eastman products. Pyruvamide labeled with C in the 2 
position was obtained from Tracerlab, Inc. When treated with 0.50 Nn 
hydrochloric acid for 90 minutes in a boiling water bath, 98 per cent of 
the theoretical pyruvate was obtained as determined with crystalline lactic 
dehydrogenase and reduced diphosphopyridine nucleotide (7). 

The authors are indebted to Dr. W. W. Umbreit for generous samples 
of the calcium salts of pyridoxal phosphate and phosphorylated pyridox- 
amine. Desoxypyridoxine (2 ,4-dimethyl-3-hydroxy-5-hydroxymethylpyri- 
dine) was obtained from Merck and Company, Inc. 

The conventional Warburg manometric technique was employed. The 
manometers were filled with 2,2,4-trimethylpentane for most of the ex- 
periments, and the gas phase was air unless otherwise noted in the text. 

The chromatographic method consisted of a combination of ascending 
and descending techniques with Schleicher and Shiill (No. 598) paper, as 
described by Block (8). Samples for chromatographic work were chilled 
in ice and centrifuged. Aliquots of the clear supernatant solution (usually 
0.01 to 0.03 cc.) were applied 2 inches from the bottom of a paper grid 
made up of twenty 7 mm. paper channels. The paper grids were then 
treated as an ordinary paper chromatogram. Replicate samples were al- 
ways chromatographed in the following four solvent mixtures: (1) Phenol 
saturated with 10 per cent sodium citrate in an atmosphere of hydrocyanic 
acid and 0.3 per cent ammonia; (2) Lutidine Mix consisting of 2:6 lutidine 
(55 parts), water (25 parts), ethanol (20 parts), and diethylamine (1 part); 
(3) 77 per cent ethanol; (4) Formix, consisting of tertiary butyl alcohol 
(70 parts), water (15 parts), and formic acid (15 parts). After drying, 
the paper chromatograms were sprayed under standardized conditions with 
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0.2 per cent ninhydrin in isopropyl alcohol. Eac’: of the replicate paper 
grids contained channels on which known amino acids were added to the 
incubation blanks to act as internal controls for each sheet. In addition 
chromatographic recoveries, 7.c. authentic amino acid added to unknown 
samples, were always included as a further check on identification. 

For the radioautographs of the paper chromatograms, the unsprayed 
paper grid was sandwiched between two 14 Xi 17 inch “no screen’’ x-ray 
films, placed in a 14 X 17 inch x-ray cassette, and stored at 10°. One of 
the films was removed after 2 days and the other after 5 days. The ex- 
posed films were developed under standardized conditions. The paper 
sheets were then sprayed with ninhydrin as described above. 

For quantitative analysis of the amino acids, individual strips of the 
paper grid were drawn through an automatic recording densitometer! and 
the amount of amino acid was determined from the area under the curve 
(8-10). 


Results 


Formation of Carbon Dioxide and Alanine from Aspartic Actd—The for- 
mation of carbon dioxide from aspartic and glutamic acids by C. welchii 
suspensions under various conditions is described in Fig. 1. Although 20 
uM of glutamic acid were decarboxylated in 38 minutes, 3.5 um of carbon 
dioxide were formed from aspartic acid in the same period. In the pres- 
ence of pyruvate, the rate of carbon dioxide formation from aspartic acid, 
as determined from the linear portions of the curves, was increased from 
5.5 to 22.0 um per hour. No carbon dioxide arose from pyruvate alone 
under the same conditions. Pyruvate had no effect on the rate of decar- 
boxylation of glutamic acid. The aspartic reaction was completely in- 
hibited by semicarbazide, while the rate of decarboxylation of glutamic 
acid was decreased about 40 per cent and reached completion in 60 min- 
utes. By means of paper chromatography the product of glutamic acid 
decarboxylation was shown to be y-aminobutyric acid, in agreement with 
Gale (5), while in experiments with aspartic acid a-alanine was formed. 
Alanine was formed more rapidly when pyruvate was added and was not 
formed in experiments where carbon dioxide formation was inhibited by 
semicarbazide. $-Alanine and a-aminobutyric acid were not detected. 
No ammonia was formed in the course of the reaction, nor was alanine 
formed when ammonium chloride and pyruvic acid were incubated with 
bacterial suspensions. 

Experiments with 20 um of aspartic acid were allowed to proceed until 
carbon dioxide evolution had ceased. No aspartic acid was detected by 
chromatographic procedures and analysis by the ninhydrin-carbon dioxide 


1 This instrument will be described at a later date. 


| 


580 ASPARTIC ACID AND a@-ALANINE 


procedure (11) indicated the presence of 20.1 um of amino acid. Quanti- 
tative chromatographic analysis of these samples for alanine gave a value 
of 21.4 uM. 

That the alanine formed was of the L configuration was demonstrated as 
follows: 400 mg. of L-aspartic acid, 2.5 mg. of sodium pyruvate, and 2 gm. 
of lyophilized cells were suspended in 260 cc. of 0.02 mM acetate buffer (pH 
4.9) and shaken for 12 hours at 37°. The suspension was centrifuged 
and the supernatant (250 cc.) was forced into the top of a cation exchange 
resin (Dowex-50, 250 to 500 mesh) in the H* cycle. The column was 
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Fic. 1. Formation of carbon dioxide from aspartic and glutamic acids by C. 
welchii. The vessels contained reactants as indicated, and 13 mg. of lyophilized 
organisms in 1.2 cc. of 0.2 m acetate buffer, pH 4.9. Curve A, glutamic acid 20 um; 
Curve B, glutamic acid 20 uM, semicarbazide 24 um; Curve C, aspartic acid 20 um, 
sodium pyruvate 10 um; Curve D, aspartic acid 20 um, 26 mg. of organisms; Curve 
E, aspartic acid 20 um; Curve F, aspartic acid 20 um, semicarbazide 24 uo. 


washed with 250 cc. of water and the alanine eluted with 500 cc. of 2.5 
N hydrochloric acid. Samples of the fractions of the eluate were chromat- 
ographed on paper and those containing only alanine were combined and 
concentrated in vacuo. The residue was treated with a slight excess of 
aniline and the alanine was recrystallized twice from water and alcohol. 
The yield was 150 mg. Calculated, Nn, 15.7; found 15.6. Specific rota- 
tion, [a] 2° = +14.0° (4.010 per cent solution in N hydrochloric acid). 
Under the conditions described in Fig. 1 for Curve C, and with sodium 
acetate buffers over the pH range 3.5 to 6.0, the pH optimum was about 
5.5. No alanine or carbon dioxide was formed in experiments with aspartic 
acid and pyruvate in 0.1 mM sodium phosphate buffers of pH 7.0 to 8.5. 
It was found that the aspartic — alanine reaction was completely inhibited 
by 0.1 m phosphate at pH 7.5 and 8.5, and approximately 40 per cent 
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inhibited at pH 6.0, while no inhibition was noted at pH 4.9 with 0.2 m 
phosphate. Alanine formation was observed in experiments carried out 
with unbuffered solutions at values of pH from 3.5 to 9.5. Under these 
conditions a broad optimum range of activity occurred from pH 5.0 to 8.0. 

Semicarbazide or cetyltrimethylammonium bromide in concentrations 
of 0.006 m completely inhibited the formation of carbon dioxide and alanine 
from aspartic acid. Addition of pyruvate in a final concentration 3 times 
that of cetyltrimethylammonium bromide or semicarbazide was found par- 
tially to reverse the inhibition due to the latter but not the former com- 
pound. The reversibility of the semicarbazide effect may be utilized to 
determine both glutamic and aspartic acids in the same aliquot (12). In 
confirmation of previously reported findings, cetyltrimethylammonium 
bromide had a slight activating effect on glutamic acid decarboxylation 
(13), while 0.006 mM semicarbazide had no effect. At pH 4.9 in 0.2 Mm ace- 
tate buffer, sodium fluoride (0.2 m) did not affect the formation of carbon 
dioxide from aspartic acid, while sodium cyanide (0.003 mM) produced 75 
per cent inhibition. The concentration of sodium acetate buffer at pH 
4.9 had no effect on the formation of carbon dioxide from aspartic acid in 
the range 0.005 to 0.20 m. 

Effect of a-Keto Acids—A suspension of C. welchit was rendered com- 
pletely inactive towards aspartic acid in the absence of added a-keto acids 
in the following manner. 130 mg. of lyophilized organisms were suspended 
in 4 ce. of 0.05 m semicarbazide dissolved in 0.2 m acetate buffer at pH 
4.9. After standing at 0° for 10 minutes, the suspension was centrifuged 
and the cells washed twice with 4 cc. of 0.2 m acetate buffer. The semi- 
carbazide-treated cells and the original preparation were tested for activity 
in the presence of various keto acids (Table I). Only a-keto acids signifi- 
cantly increased the formation of carbon dioxide from aspartic acid with 
these preparations. Lactic acid and pyruvamide were not effective. It 
is of interest that d- and l-a-keto-8-methylvaleric acids were less active 
than the other a-keto acids and that both isomers had approximately the 
same effect. Activation by a,y-diketovaleric acid is probably due to en- 
zymatic hydrolysis to pyruvate. However, C. welchit suspensions were 
found to possess rather weak hydrolytic activity towards this substrate. 
No carbon dioxide was formed in control vessels with keto acid alone. 
In all of these experiments, and in experiments in which the keto acid 
concentration was increased ten to forty times over that stated in Table 
II, carbon dioxide evolution was always associated with a-alanine forma- 
tion. Formation of other amino acids was not observed in any of these 
studies. Experiments with a-ketoglutaric, a-ketoisocaproic, and pyruvic 
acids at pH 7.5 also demonstrated the activating effect of a-keto acids and 
the formation of alanine. The results with these keto acids were essen- 
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tially the same whether the reaction was studied aerobically or anaero- 
bically. 


TABLE I 
Effect of Keto Acids on Carbon Dioxide Formation from Aspartic Acid* 
Original | Treated Original | Treated 
Keto acid prepara- | prepara- Keto acid prepara- | prepara- 
tion tiont tion tiont 
None 60.5 0 p-Hydroxyphenylpyruvic 203 41.2 
Pyruvic 225 56.0 a-Ketoglutaric 236 58 .6 
a-Ketobutyric 232 53.6 +-Ketovaleric 60.0 0 
a-Ketovaleric 228 55.5 Triacetic lactone 59.0 0 
a-Ketocaproic 190 50.4 Dehydroacetic 58.0 | 
a-Ketoheptanoic 172 42.9 a,y-Diketovaleric 221 47.0 
a-Ketoisovaleric 241 40.2 B-Acetylacrylic 63.0 0 
Phenylpyruvic 230 42.5 d-a-Keto-8-methylvaleric 106 10.1 
a-Ketoisocaproic 208 45.6 l-a-Keto-8-methylvaleric 108 8.9 


* The values are expressed as microliters of carbon dioxide per 30 minutes. The 
vessels contained 20 um of aspartic acid, 0.5 um of keto acid, and 13 mg. of bacterial 
cells in 1.4 ec. of 0.2 m acetate buffer (pH 4.9). 

¢ Cells treated with semicarbazide as described in the text. 


TABLE II 


Effect of Pyridoxal Phosphate, Pyridozamine Phosphate, and Pyruvate on 
Decarbozylation of Aspartic Acid* 


COs: formed from aspartic acid 
Addition I . 
Cell Cell-f rradiated 
suspensiont we 

ul. ul. ul. 
Pyridoxal phosphate....................... 98 .0 84.5 93.8 

Pyruvate + pyridoxal phosphate........... 110 107 100 
Pyridoxamine phosphate................... 13.0 
+ pyruvate....... 88 .6 


* The vessels contained 1 cc. of enzyme preparation or cell suspension, 0.2 cc. of 
3 m acetate buffer (pH 4.9), 0.2 cc. of added compound, and 0.3 cc. of 0.2 M acetate 
buffer containing 10 um of aspartic acid (added from a side bulb). The additions 
consisted of 0.5 um of pyruvate and 0.2 mg. of pyridoxal phosphate or pyridoxamine 
phosphate. 

t Microliters of COz per 15 minutes; 20 mg. of lyophilized cells. 

t Microliters of COz per 25 minutes. 

§ Irradiated as described in the text; microliters of CO, per 90 minutes. 


Experiments on the effect of keto acid concentration on the rate of car- 
bon dioxide formation from aspartic acid were carried out with pyruvate, 
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a-ketoisocaproate, and a-ketoglutarate. Optimum activity was obtained 
with a keto acid concentration of approximately 7 X 10-5 m (Fig. 2). 

In order to determine whether the activating effect of pyruvate was-as- 
sociated with disappearance of this keto acid, the following experiment 
was performed. Vessels containing 10 um of aspartic acid, 0.1 um of so- 
dium pyruvate, and 25 mg. of organisms in 1.4 cc. of acetate buffer at pH 
4.9 were shaken at 37° for 1 hour. Control vessels in which aspartic and 
pyruvic acids and bacterial cells were separately omitted were employed. 
Manometric readings indicated that 4.78 and 9.90 um of carbon dioxide 
were formed in the absence and presence of pyruvate, respectively. The 


60+ 

~ A 

50) 

40 C 

O 

s 30+ 

10° 10° 10 


KETO ACID CONCENTRATION (MOLES/LITER) 


Fic. 2. Effect of a-ketoglutaric acid (Curve A), pyruvic acid (Curve B), and 
a-ketoisocaproic acid (Curve C) on the formation of carbon dioxide from aspartic 
acid. The vessels contained aspartic acid (20 um), 26 mg. of organisms, and keto 
acid as indicated in a volume of 1.5 cc. of 0.2 m acetate buffer (pH 4.9). The value 
for carbon dioxide formation in the absence of keto acid was 19.6 ul. 


vessels were chilled and the contents transferred to conical tubes with 1 
cc. of water and centrifuged. <A 1.8 cc. aliquot of the clear supernatant 
was treated with 0.2 m pyrophosphate buffer of pH 8.2, and analyzed for 
pyruvate with crystalline lactic dehydrogenase and DPNH; (7). The ali- 
quot values for pyruvate were 0.0742 and 0.0750 um in the absence and 
presence of aspartic acid, respectively, and 0.0758 for a vessel in which 
bacterial cells were omitted. Thus, within experimental error, all of the 
added pyruvate was recovered at the end of the experiment. It may be 
concluded that pyruvic acid and presumably the other keto acids which 
accelerate carbon dioxide formation from aspartic acid are active in very 
low concentrations. 

The activity of the original bacterial suspension was not altered by eight 
successive washings with water or by dialysis at 5° against acetate buffer 
at pH 4.9, glycine hydrochloride buffer at pH 2.5, or borate buffer at pH 
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8.5 for 24 hours. No pyruvate was detected in these preparations as de- 
termined by the lactic dehydrogenase procedure, although the presence of 
trace amounts of keto acids was suggested by determinations carried out 
by the procedure of Lu (14). The color value for 100 mg. of dried bac- 
teria by this method was equivalent to that formed by 0.1 um of pyruvic 
acid. 

Studies on Mechanism of Reaction—The experiments described above in- 
dicate that, within the sensitivity of the enzymatic pyruvate determina- 
tion, none of the added pyruvic acid disappeared in the course of the re- 
action. However, it seemed possible that the added keto acid might 
transaminate with aspartic acid to yield the corresponding amino acid and 
oxalacetic acid (which would decompose at pH 4.9 to pyruvic acid and 
earbon dioxide). We have found that suspensions of C’. welchii possess 
powerful oxalacetic decarboxylase activity over a wide pH range (5 to 
8.5). Thus the formation of alanine might result from transamination 
between aspartic and pyruvic acids. The activity of the other a-keto 
acids could be explained in a similar manner, and the failure to find any 
other amino acids except a-alanine might be due to a much greater affinity 
of the transamination system for pyruvic acid than for other a-keto acids. 
In order to test this hypothesis, pyruvate labeled with C™ in the 2 position 
was employed. Vessels containing 6.67 um of aspartic acid, 6.67 um of 
radioactive pyruvic acid (0.59 we. per micromole), and 8 mg. of bacterial 
cells or semicarbazide-treated cells in 0.7 cc. of 0.2 mM acetate buffer (pH 
4.9) were shaken at 37°. Samples were removed at various times in the 
course of the reaction and at the completion of carbon dioxide evolution. 
These samples were chromatographed in the usual way by using four 
different solvents, and radioautographs* were prepared as described in the 
experimental section. In none of the experiments with the original cells 
or the semicarbazide-treated cells was any radioactivity found in the ala- 
nine area. These studies conclusively eliminate direct transamination with 
aspartic acid as outlined above and are compatible with a mechanism in- 
volving decarboxylation of the B-carboxyl group of aspartic acid to yield 
a-alanine. 

Since pyridoxal phosphate has been reported to be the coenzyme for a 
number of bacterial decarboxylases (5, 15), the effect of this compound on 
the rate of aspartic acid decarboxylation by cell suspensions was investi- 
gated. Pyridoxal phosphate accelerated aspartic acid decarboxylation to 
approximately the same extent as did pyruvate, and the rate of carbon 
dioxide formation in the presence of both pyruvate and pyridoxal phos- 
phate was not appreciably greater than with either of these reagents alone. 
Similar results were obtained with a cell-free enzyme preparation (Table 
II). The concentration of pyridoxal phosphate necessary for the maxi- 


2 exposed for 2 and 5 days. 
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mum effect on carbon dioxide formation under the conditions employed 
was about 70 y and significant activation was observed with 14 y (Fig. 3). 
No activation was obtained with pyridoxal, pyridoxal plus adenosinetri- 
phosphate, pyridoxamine, pyridoxine, thiamine pyrophosphate, or diphos- 
phopyridine nucleotide. The effect of pyridoxal phosphate was not altered 
by addition of 3 times as much desoxypyridoxine. 

In an attempt to obtain a coenzyme-free preparation, the cell-free prep- 
aration was irradiated with ultraviolet light. A destructive effect of ultra- 
violet light on pyridoxine derivatives has been reported (16). The ir- 
radiated’ preparation was only slightly active towards aspartic acid in 
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Fic. 3. Effect of pyridoxal phosphate on aspartic acid decarboxylation. Vessels 
contained 0.5 ec. of cell-free preparation (0.502 mg. of bacterial nitrogen), 0.5 cc. of 
0.2 m acetate buffer (pH 4.9), 0.2 cc. of pyridoxal phosphate in the indicated concen- 
tration, and 0.3 cc. of 0.2 m acetate buffer containing 10 um of aspartic acid (added 
from the side bulb). The values are given as microliters of carbon dioxide formed 
per hour. 


the presence and absence of pyruvate, but was significantly activated by 
pyridoxal phosphate, although not by pyridoxamine phosphate.‘ How- 


3A Hanovia Inspectolite lamp (Hanovia Chemical and Manufacturing Company, 
lot No. SC-5041) with an unfiltered EH-4 are tube was used. The distance between 
the lamp and the surface of the solution was 9 cm. The depth of the solution was 
6 mm. The vessel containing the enzyme preparation was immersed in ice and 
irradiation was carried out for 90 minutes in a cold room at 5°. 

‘It is of interest that the glutamic acid decarboxylase activity of the irradiated 
preparation was increased by addition of pyridoxal phosphate. In a system similar 
to that given in Table II, with glutamic acid and an irradiated enzyme preparation, 
103 and 46.0 wl. of carbon dioxide were formed in 20 minutes in the presence and 
absence of 80 y of pyridoxal phosphate, respectively. Pyruvate had no effect on 
carbon dioxide formation. Gale (5) reported unsuccessful attempts to effect a 
resolution of glutamic acid decarboxylase, while Umbreit and Gunsalus (17) ob- 
served activation by pyridoxal phosphate of glutamic decarboxylase from Eschert- 
chia coli, which was dialyzed at pH 2 for 24 hours. 
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ever, when pyridoxamine phosphate and pyruvate were added together, 
activation almost equivalent to that obtained with pyridoxal phosphate 
was observed (Table II). Similar results were obtained when a-ketoiso- 
caproic acid was used in place of pyruvic acid. Because pyridoxal phos- 
phate failed to restore the initial activity, it is probable that the irradia- 
tion procedure produced partial inactivation of the apoenzyme. 

In the studies with the irradiated enzyme preparation described in Ta- 
ble II, samples were chromatographed after 220 minutes of incubation. 
In the experiments with pyridoxal phosphate and with pyridoxamine phos- 
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STANDARDS A B_ 
Fic. 4. Diagrammatic representation of chromatograms and radioautographs 
The experimental details are given in the text. The solvent was 77 per cent 
ethanol. Column A, cells + pyridoxamine phosphate; Column B, cells + radio- 
active pyruvic acid; Column C, cells + pyridoxamine phosphate + radioactive 
pyruvic acid. Solid color, radioactivity; diagonal lines, orange color with ninhy- 
drin; cross hatch, purple color with ninhydrin. 


phate plus pyruvate, no aspartic acid was detected and a-alanine was 
found; on the other hand, in experiments in which either pyruvate or pyri- 
doxamine phosphate alone was added, aspartic acid was still present and 
less alanine detected. A significant finding was that the spot correspond- 
ing to pyridoxamine phosphate® in the experiment with added pyridox- 
amine phosphate and pyruvate was significantly smaller and less intense 
than that found in the experiment with pyridoxamine phosphate alone. 
Another finding of interest was the formation of free pyridoxamine in both 


5 Pyridoxamine and pyridoxamine phosphate appear on the chromatogram as 
bright orange colors after spraying with ninhydrin. Pyridoxal and pyridoxal phos- 
phate give no appreciable color under the same conditions, and therefore could not 
oe detected on the chromatograms. 
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control and experimental runs, indicating that the preparation catalyzes 
the hydrolysis of the phosphorylated derivative.‘® 

Since pyridoxamine phosphate and pyruvate activated decarboxylation 
when added together to the irradiated preparation, but had no effect when 
added separately, it appeared possible that the observed activation of de- 
carboxylation was due to pyridoxal phosphate formed by transamination 
from pyridoxamine phosphate to pyruvate. If this hypothesis is correct, 
it should be possible to demonstrate alanine formation in this system pro- 
vided large enough quantities of the reactants were employed. The fol- 
lowing experiment was performed. 20 mg. of bacteria, 1.8 mg. of pyri- 
doxamine phosphate, and 0.7 um of radioactive pyruvic acid (0.59 ue. per 
micromole) were incubated in 0.4 cc. of 0.2 M acetate buffer at pH 4.9 for 
5 hours. Controls in which pyridoxamine phosphate and pyruvate were 
separately omitted were employed. The cells were centrifuged and the 
samples were chromatographed and radioautographs prepared. The re- 
sults obtained with all four solvents were in complete agreement. The 
findings obtained in 77 per cent ethanol solvent are summarized in Fig. 4. 
The radioautographs’ indicated a significant disappearance of radioactive 
pyruvate and the formation of radioactive alanine. In addition, the chro- 
matograms showed a greater disappearance of pyridoxamine phosphate in 
the presence of pyruvate than in its absence. In this case also free pyri- 
doxamine was formed. 


DISCUSSION 


The available data suggest that the conversion of aspartic acid to a-ala- 
nine and carbon dioxide by C. welchiz cells as well as by cell-free enzyme 
preparations occurs by decarboxylation of aspartic acid, and that pyri- 
doxal phosphate accelerates this reaction. This type of decarboxylation 
is unique in that it involves the 6-carboxyl group and that the product is 
an a-amino acid. It is also of interest that aspartic decarboxylase activ- 
ity is accelerated by a-keto acids in contrast to the glutamic and tyrosine 
(18) decarboxylases. Although physical separation of the glutamic and 
aspartic decarboxylase activities of C. welchit has not been attempted, it 
seems probable that these activities represent separate enzymes. Glu- 
tamic decarboxylase acts upon the a-carboxyl group of its substrate, 
whereas with aspartic decarboxylase the B-carboxyl group of aspartic acid 
is attacked. In addition there are significant differences in the pH-activ- 
ity dependence and the effects of added a-keto acids and semicarbazide. 
We have obtained preparations of glutamic decarboxylase free of aspartic 
activity by grinding the cells with ground Pyrex glass (19) and by shaking 


6 No hydrolysis occurred in the presence of buffer alone. 
7 Exposed for 2 and 5 days. 
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the cells with minute glass beads for 8 to 12 hours at 5°. Thus the aspar- 
tic decarboxylase activity is considerably more labile than glutamic de- 
carboxylase. 

While this work was in progress, Miller and Leuthardt (20) reported 
the observation that C’. welchit suspensions produced carbon dioxide from 
aspartic acid and that the rate of carbon dioxide evolution was acceler- 
ated by a-ketoglutarate. They interpreted the effect of the a-ketogluta- 
rate as due to transamination from aspartic acid to the keto acid, yielding 
glutamic acid, which underwent enzymatic decarboxylation. However, in 
the present studies no y-aminobutyric acid was detected in experiments 
with added a-ketoglutarate, nor was any amino acid formed other than 
a-alanine. ‘These findings, and the experiments with labeled pyruvic acid, 
would appear to rule out transamination involving aspartic acid. It 
seems likely that both the inherent activity of C. welchii suspensions and 
the accelerated activity associated with the presence of a-keto acids are 
due to the same reaction; 2.e., decarboxylation of aspartic acid. 

The activating effect of a-keto acids on the decarboxylation of aspartic 
acid may be explained in terms of a transamination between a-keto acid 
and pyridoxamine phosphate to form pyridoxal phosphate and the corre- 
sponding amino acid. The presence of appreciable amounts of pyridox- 
amine phosphate in natural material has been reported (21, 22). The fail- 
ure to find labeled alanine in the experiments with aspartic acid and 
labeled pyruvic acid may be ascribed to the very low concentrations of 
coenzyme present. Similarly, the experiments on recovery of added pyru- 
vate indicate that only trace amounts of this keto acid could have been 
utilized. The observation that pyridoxamine phosphate and pyruvate 
can replace pyridoxal phosphate with the irradiated enzyme preparation 
and the large scale experiment with labeled pyruvate and pyridoxamine 
phosphate indicate that C. welchii cells can catalyze transamination from 
pyridoxamine phosphate to pyruvate, yielding alanine and presumably 
pyridoxal phosphate. This reaction would be analogous to the chemical 
transamination of pyridoxamine with keto acids reported by Snell (23). 
Pyridoxamine phosphate has been prepared by chemical transamination 
between pyridoxal phosphate and glutamic acid (21, 24). Bellamy, Um- 
breit, and Gunsalus (18) demonstrated codecarboxylase formation by in- 
cubation of pyridoxamine and pyruvate with resting cells of Streptococcus 
faecalis R at pH 7.0. This transformation did not occur at pH 5.0. 

Although the function of amino acid decarboxylases in bacterial me- 
tabolism is not yet completely understood, it appears probable that de- 
carboxylation and transamination are related (5, 15). It is apparent that 
the mechanism proposed to explain the stimulation of aspartic acid decar- 
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boxylation by a-keto acids involves a direct connection between transami- 
nation and aspartic acid decarboxylation. 


SUMMARY 


1. Clostridium welchiit (strain SR 12) cells and cell-free preparations ob- 
tained from this organism catalyze the quantitative decarboxylation of 
the B-carboxy] group of L-aspartic acid to yield L-alanine. In contrast these 
preparations attack the a-carboxyl of glutamic acid to form y-aminobuty- 
ric acid. 

2. The decarboxylation of aspartic acid is accelerated by low concentra- 
tions of a number of a-keto acids as well as by pyridoxal phosphate. 
| 3. A cell-free enzyme preparation, which was irradiated with ultraviolet 
light, exhibited a low order of activity when pyruvate or pyridoxamine 
phosphate was added separately; on the other hand a significant increase 
in activity was observed when these were added together or when pyri- 
doxal phosphate was present. 

4. Chromatographic studies with radioactive pyruvate indicated that 
welchiz cells catalyze transamination between pyridoxamine phosphate 
and pyruvate, yielding alanine and presumably pyridoxal phosphate. It 
is suggested that the activation of aspartic decarboxylase by a-keto acids 


| is due to codecarboxylase formation by this mechanism. 
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Suspensions of Clostridium welchii (strain SR 12) quantitatively decar- 
boxylate the L isomers of aspartic (1) and glutamic acids (2) to a-alanine 
and y-aminobutyric acid, respectively. Although a quantitative procedure 
for the determination of glutamic acid based upon decarboxylation with 
this organism has been described (3), it has been found that aspartic acid, 
especially in the presence of a-keto acids, is also decarboxylated under the 
conditions of this procedure (1). In the present communication, methods 
for the separate determination of aspartic and glutamic acids by decar- 
boxylation with C. welchit are described. Glutamic acid may be deter- 
mined in the presence of aspartic and keto acids by inhibition of aspartic 
decarboxylase with semicarbazide or cetyltrimethylammonium bromide. 
Determinations of aspartic acid in the absence of glutamic acid may con- 
veniently be performed with the same bacterial suspension, provided small 
amounts of pyruvate are added. Determinations of aspartic and glutamic 
acids on the same aliquot can be achieved by utilizing the fact that in- 
hibition of aspartic decarboxylase by semicarbazide is reversible by pyru- 
vate. 


EXPERIMENTAL 


Reagents Required— 

Bacterial suspension. C. welchiz, strain SR 12, obtained from the Amer- 
ican Type Culture Collection (No. 6784), was grown on a 2 per cent glu- 
cose-casein digest medium and lyophilized as described previously (1).! 
The enzymatic activity of cells stored in the lyophilized state at 5° is con- 
stant for at least 6 to 8 months. The cells are suspended in 0.2 mM sodium 
acetate buffer of pH 4.9 just prior to use in the determination. 

Semicarbazide hydrochloride. Dissolve 0.401 gm. in 100 ce. of a solu- 
tion prepared by mixing equal amounts of 0.4 mM sodium acetate buffer, 
pH 4.9, and 0.072 n NaOH. | 

Cetyltrimethylammonium bromide (Eastman Kodak Company).  Dis- 
solve 1.31 gm. in 100 cc. of 0.2 M sodium acetate buffer, pH 4.9. 


'The aspartic decarboxylase activity of C. welchii is increased about 20 per cent 
by adding 2 per cent pL-aspartie acid to the medium. 
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Sodium pyruvate. Dissolve 0.660 gm. in 10 cc. of 0.2 m acetate buffer, 
pH 4.9. 

General Procedure—The conventional Warburg manometric apparatus 
is employed. The authors used 2,2,4-trimethylpentane as the mano- 
metric fluid. All determinations were performed in duplicate. The gas 
phase was air. 

Determination of Glutamic Acid in Presence of Aspartic and a-Keto Acids; 
Procedure A—A 2 cc. aliquot of the sample to be analyzed, containing be- 
tween 2 and 8 uo of glutamic acid, is placed in the main compartment of 
a Warburg vessel and 0.5 cc. of cetyltrimethylammonium bromide or semi- 
carbazide solution and 0.2 cc. of 3 M sodium acetate buffer, pH 4.9, are 
added. After equilibration at 37° for 10 minutes (or until readings are 


TABLE I 
Determination of Glutamic Acid in Presence of Aspartic and Pyruvic Acids* 


Added COs formed 
Glutamic Aspartic Pyruvic With semicarbazide 
5.00 0 0 5.05 5.00 
5.00 10.0 0 7.15 5.05 
5.00 20.0 0 7.32 5.03 
5.00 40.0 0 7.83 5.00 
5.00 10.0 1.00 7.94 5.09 
5.00 20.0 1.00 9.06 5.02 
5.00 40.0 1.00 9.75 4.92 


* See Procedure A in the text. 


constant), 0.3 cc. of bacterial suspension containing 15 mg. of lyophilized 
cells is added from a side bulb and the manometers are read until carbon 
dioxide evolution is complete (20 to 30 minutes). Determinations of glu- 
tamic acid in the presence of aspartic and pyruvic acids are given in Table 
I. The extent of the interference produced by aspartic and pyruvic acids 
is indicated by the values obtained in the absence of semicarbazide. The 
inhibition of aspartic decarboxylase by semicarbazide and cetyltrimethy]l- 
ammonium bromide is described in Table II. Although semicarbazide is 
more effective on a molar basis than cetyltrimethylammonium bromide, 
both reagents inhibit aspartic acid decarboxylation completely in concen- 
trations of 0.006 m. No inhibition of glutamic acid decarboxylation occurs 
under these conditions. Inhibition of aspartic acid decarboxylation by 
cetyltrimethylammonium bromide has also been observed by Miiller and 
Leuthardt (4). If the sample to be analyzed contains appreciable amounts 
of a-keto acids, cetyltrimethylammonium bromide should be employed 


de 
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rather than semicarbazide, since inhibition by cetyltrimethylammonium 
bromide is not affected by even high concentrations of a-keto acids, while 
the effect of semicarbazide is partially reversible by a-keto acids. Krebs 
originally suggested the use of this cationic detergent because it accelerates 
glutamic acid and glutamine decarboxylation (5). However, the concen- 
tration of cetyltrimethylammonium bromide needed for complete inhibition 
of aspartic acid decarboxylation is somewhat higher than that required for 
maximum activation of glutamic acid decarboxylase activity. 
Determination of Aspartic Acid; Procedure B—The quantitative nature 
of the decarboxylation of aspartic acid by C. welchit was demonstrated in 
the preceding paper (1). Determinations of aspartic plus glutamic acid 


TaBLeE II 
Effect of Semicarbazide and Cetyltrimethylammonium Bromide on Carbon Dioxide 
Formation from Aspartic Acid* 


Semicarbazide Cetyltrimethyl ium bromide 
Concentration X 1073 CO:2 Concentration X 10-3 CO: 
pl. ul. 
0 93.0 0 92.9 
1.13 14.0 1.14 92.9 
2.26 8.9 2.28 48.2 
4.52 0 3.42 21.4 
9.04 0 4.56 3.1 
5.71 0 


* The vessels contained 20 um of aspartic acid, 20 mg. of organisms, and inhibitor 
in indicated concentration in 2.0 cc. of 0.2 M acetate buffer, pH 4.9. Values given in 
microliters of carbon dioxide formed per 15 minutes. 


may be conveniently carried out by employing greater amounts of bac- 
terial cells and by adding pyruvate to the sample. The following pro- 
cedure is employed. A 2 cc. aliquot of the sample containing 2 to 8 um 
of the dicarboxylic amino acids is placed in the main compartment of the 
vessel, together with 0.2 cc. of 3 m acetate buffer, pH 4.9, and 0.1 cc. of 
the pyruvate solution. After equilibration, 0.3 cc. containing 30 mg. of 
lyophilized cells is added from the side bulb; carbon dioxide evolution is 
usually complete within 30 minutes. The values for aspartic acid are ob- 
tained by subtracting the value obtained for glutamic acid by Procedure A. 

Experiments on the recovery of aspartic acid added to certain biological 
materials were performed. In these studies the main compartment con- 
tained 5 to 20 um of aspartic acid, 1 cc. of biological material, 0.1 cc. of 
pyruvate solution, and 0.2 cc. of 3 M acetate buffer in a final volume of 
2to4cc. Satisfactory recoveries were obtained from human blood serum 
and urine, and from rat liver and kidney homogenates (Table III). 
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Combined Determination of Aspartic and Glutamic Acids; Procedure C— 
Aspartic acid may be readily determined in the absence of glutamic acid 


Tasce III 
Recovery of Aspartic Acid from Biological Materials* 


Aspartic acid 


Material 
uM uM 
Rat liver homogenate...................... 0 0.95 
Human urine, Sample A.................... 0 0.76 
‘‘ blood serum, Sample 1.............. 0 0.35 


* The experimental details are given in the text (Procedure B). 
+t Corrected for blank. 


TABLE IV 
Determination of Glutamic and Aspartic Acids on Same Aliquol* 
Added | COs formed 
Glutamic Aspartic | From glutamic | From aspartic 
5.00 0 | 5.05 | 0 
0 10.0 0.05 | 10.1 
10.0 5.00 10.3 | 4.91 
10.0 2.00 9.86 | 2.04 
10.0 | 5.00 10.1 5.O04F 
10.0 | 2.00 10.0 | 1.967 
5.00 | 0 5.05 | Ot 


* The experimental details are given in the text (Procedure C). 
+ 30 mg. of organisms added from the second side bulb. 


by Procedure B, while the determination of aspartic acid in the presence 
of glutamic acid requires determinations of both acids together and of 
glutamic acid alone. However, by utilizing the reversible effect of semi- 
carbazide on aspartic acid decarboxylation, it is possible to determine the 
concentration of both acids on the same aliquot by using vessels with two 
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side bulbs. The following procedure is employed. A 2 cc. aliquot of a 
sample containing 2 to 8 um of each dicarboxylic acid, 0.2 ec. of 3 M ace- 
tate buffer, pH 4.9, and 0.5 ce. of semicarbazide solution is placed in the 
main compartment of a vessel. After equilibration, 26 mg. of bacterial 
cells in 0.3 cc. are added from one side bulb and the carbon dioxide forma- 
tion from glutamic acid is recorded. When gas evolution is complete (10 
to 15 minutes), the manometers are reset and a second side bulb contain- 
ing 50 wm of pyruvate in 0.1 cc. of buffer is tipped. Carbon dioxide pro- 
duction from aspartic acid is complete in 60 minutes. The decarboxyla- 
tion of aspartic acid may be accelerated by adding 30 mg. of bacteria 
with the pyruvate from the second side bulb. Under the latter conditions 
gas evolution from aspartic acid takes about 20 minutes. Representative 
data obtained with the combined procedure are given in Table IV. 

Specificity of C. welchii Suspensions—In addition to glutamic acid, glu- 
tamine, and aspartic acid, it was found that C. welchit suspensions decar- 
boxylated the y-ethyl ester and the y-methylamide of glutamic acid at 
2.5 and 6.1 per cent, respectively, of the rate observed with glutamic acid 
itself. The bp isomers of aspartic and glutamic acids were not attacked. 
No carbon dioxide was formed from glycine, 8-alanine, acetyl-pL-glutamic 
acid, DL-a-aminoadipic acid, chloroacetyl-DL-aspartic acid, or the L isomers 
of asparagine, isoasparagine, isoglutamine, carbamylglutamic acid, pyr- 
rolidonecarboxylic acid, glutathione, the y-ethylamide of glutamic acid, 
alanine, a-aminobutyric acid, norvaline, norleucine, serine, threonine, leu- 
cine, valine, isoleucine, phenylalanine, tyrosine, tryptophan, histidine, cys- 
teine, cystine, methionine, proline, hydroxyproline, arginine, lysine, citrul- 
line, and ornithine. No carbon dioxide was formed from pyruvate or a 
wide variety of other a-keto acids tested under the conditions of these 
procedures. 


SUMMARY 


Procedures are described for the separate determination of L-aspartic 
and L-glutamic acids by quantitative decarboxylation with suspensions of 
Clostridium welchit (strain SR 12). 
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The existing methods for the determination of the purines and pyrimi- 
dines in nucleic acids are complicated by destruction, interconversion, 
or incomplete liberation of the bases in the course of hydrolysis (1, 2). 
It is desirable, therefore, to have available a hydrolytic agent which 
cleaves nucleic acids quantitatively and permits determination of the 
bases. These requirements are fulfilled by aqueous perchloric acid. In 
addition, the use of this reagent makes possible the quantitative estima- 
tion of purines and pyrimidines in a variety of biological materials without 
prior isolation of the nucleic acids (3). This technique of direct analysis 
avoids possible errors which may arise in the course of separation of the 
nucleic acids; namely, incomplete extraction, fractionation leading to 
isolation of non-representative samples, and loss or alteration of the 
bases. 

The general plan of analysis presented here consists in hydrolysis of 
the purine- and pyrimidine-containing material with perchloric acid, separa- 
tion of the liberated bases by means of paper chromatography, and quanti- 
tative determination of the bases by spectrophotometry. 

It will be shown that the purines and pyrimidines commonly found 
in nucleic acids are quantitatively recoverable from a known mixture, 
that they are stable under the hydrolytic conditions used, and that they 
are effectively split from nucleic acids. 


EXPERIMENTAL 


Recovery of Free Bases—10 mg. each of adenine, guanine, cytosine, 
uracil, and thymine were placed in a glass-stoppered 10 ml. flask and 1.6 
ml. of 12 N perchloric acid were added. The flask was placed in a steam 
bath and after about 1 minute was stoppered. The mixture was agitated 
to dissolve the bases and heated at 100° for 1 hour. After cooling, the 
mixture was diluted to 10 ml. with distilled water. The resulting clear, 
colorless solution was used for paper chromatography. 


* Supported by a grant from the Division of Research Grants and Fellowships 
of the United States Public Health Service. 
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The chromatographic procedures employed are slight modifications of 
those of Vischer and Chargaff (1) and Hotchkiss (4). Rectangular strips 
measuring 10 X 50 cm. were cut from Schleicher and Schuell No. 597 
paper. With a Levy pipette (5), 7 ul. aliquots of the test solution, as 
well as 7 ul. of 1.9 N perchloric acid to serve as blank, were deposited 10 
cm. from one end of the paper. The strips were developed as previously 
described (1, 4). Two solvent systems were used. In one case, the 
strips were exposed to gaseous ammonia to neutralize the perchloric 
acid and then developed with a mixture of 7 volumes of n-butanol and 1 
volume of 0.1 N ammonia in the presence of a beaker containing N am- 
monia. In the other case, the strips were developed with a mixture of 
7 volumes of n-butanol and 1 volume of N hydrochloric acid without 
prior ammonia treatment. After drying in air, the strips were placed 
in a dark room under an ultraviolet lamp! and the bases located as dark 
spots against a fluorescent background (6). The ammonia system ef- 
fected a satisfactory separation of guanine (Rr = 0.10), cytosine (Rr = 
0.22), thymine (Rr = 0.49), and a mixture of adenine and uracil (Rp = 
0.37). The acid system separated uracil (Rr = 0.28) and also thymine 
(Ry = 0.42). For elution, rectangles containing the spots were cut out. 
Rectangles of respectively equal areas were cut from the blank lane at 
levels corresponding to the position of each base. Each rectangle was 
cut into small pieces and placed in a wide test-tube and 5 ml. of 0.1 N 
hydrochloric acid were added to each tube. After thorough shaking for 
a minimum period of 60 minutes, the eluates were decanted from the 
paper and centrifuged. 

Spectrophotometry—The clarified eluate of each base was read in the 
Beckman quartz spectrophotometer in 1 cm. cells against the corresponding 
blank eluate. Readings were taken at intervals of 5 my between 240 
and 300 mu and at closer intervals near the absorption maxima. 

The amounts of the purines recovered were calculated as described by 
Vischer and Chargaff (1). The extinction values given by the latter 
authors for uracil and thymine were also used, since the absorption spectra 
of these bases are the same in water and in 0.1 N HCl (4). In the case 
of cytosine the values used for computation of the amount of base were 
taken from data given by Hotchkiss (4); 7.e., extinction for 10 y per ml. . 
in 0.1 N HCl at the absorption maximum E (275 my) = 0.911, and at the 
reference wave-length FE (300 mu) = 0.040. 

The recoveries of bases in a representative experiment in quadruplicate 
are given in Table I. In the case of guanine, quantitative recovery was 
obtained if the amount of this base in 7 ul. aliquots did not exceed 7 y. 


1 Mineralight model M11, Ultra-violet Products, Inc., Los Angeles, California. 
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As a check on the identity and purity of the isolated bases, the ultra- 
violet absorption spectrum of each eluate was compared with that of an 
authentic standard. A very close agreement was uniformly observed. 

Similar results were obtained on chromatographing the bases without 
heat treatment in perchloric acid. 

Hydrolysis of Desoxypentose and Pentose Nucleic Acids—The isolated 
nucleic acids studied were desoxypentose nucleic acid (DNA) from calf 
thymus, prepared by a modification of the procedure of Gulland and 
coworkers (7), and yeast pentose nucleic acid (PNA) (Schwarz). 

100 mg. of DNA and 2 ml. of 7.5 N perchloric acid or 80 mg. of PNA 
and 1.6 ml. of 12 Nn perchloric acid were heated at 100° for 40 minutes 
in a glass-stoppered 10 ml. flask with occasional agitation. After cooling, 
the mixture was diluted to 10 ml. with distilled water and centrifuged to 
separate the fluid from the black particulate residue formed, presumably 


TABLE I 
Per Cent Recovery of Bases after Heating in 12 n Perchloric Acid for 1 Hour 


Base Adenine Guanine Cytosine Uracil Thymine 
94-111 100-109 100-103 94-107 


* Four replicates. 


from the sugar moieties. The resulting clear hydrolysate was used for 
paper chromatography and the bases were determined as described above. 
The base content, in micromoles per 100 mg. found for DNA and PNA, 
is presented in Tables II and III. 

The following variations of the procedure do not affect the results: 
(a) hydrolysis in an open tube; (b) for DNA, increase in perchloric acid 
concentration from 7.5 to 12 nN; (c) for DNA and PNA, prolongation of 
heating time from 40 minutes to 160 minutes. 

Differential Liberation of DNA and PNA Pyrimidines—10 mg. of a 
calf thymus DNA and 8 mg. of yeast PNA were separately heated with 
0.2 ml. of 4.5 N perchloric acid in sealed tubes, 4 mm. in diameter and 
50 mm. long, at 100° for 2 hours with occasional agitation. After cooling, 
the tubes were opened and the contents diluted to 1 ml. with distilled 
water. The hydrolysates were centrifuged and the pyrimidines were 
determined in the clear supernatant liquids as described before. 7 ul. 
and 42 ul. aliquots were chromatographed for DNA and PNA, respec- 
tively. The amounts of pyrimidines (mean of three aliquots) in micro- 
moles per 100 mg. of nucleic acid and the percentages of the total of each 
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base liberated were as follows: DNA-cytosine, 44.2 um, 75 per cent; DNA- 
thymine, 80.5 um, 97 per cent; PNA-cytosine, 3.6 um, 7 per cent; PNA- 
uracil, 5.3 um, 10 per cent. 

Analyses of Various Biological Materials for Purine and Pyrimidine 
Componenits—After rinsing the Arbacia and Asterias in tap water and 
filtered sea water, shedding was induced by injection of 0.2 ml. of 0.5 


TaB_eE II 
Base Content of Calf Thymus DN A* 


Micromoles per 100 mg. DNA Mc. N Moles } 
Base BNA pars P 
Range, 8 replicates Mean 
56 .3-61.8 58.9 2.47 0.20 
80 .9-85 .7 83.0 2.32 Q.28 


* Analysis, N 15.4, P 9.3 per cent (N, micro-Kjeldahl (12); P, colorimetric (13) ). 
+97 per cent of the N content of DNA. 


TABLE III 
Base Content of Yeast PNA* 


vite Micromoles per 100 mg. PNA Mg. N per ! 00 Moles bases ae 
Range, 4 replicates Mean ; 
69 .7-74.8 2.3 5.06 0.25 
77 .7-84.9 81.9 5.73 0.29 
50.7-52.9 51.5 2.16 0.18 
49 .6-57.1 53.1 1.49 0.19 


* Analysis, N 15.2, P 8.9 per cent (N, micro-Kjeldahl (12); P, colorimetric (13)). 
+ 95 per cent of the N content of PNA. 


mM KCI into the peristomal cavity. The pooled eggs of several females 
(twenty Arbacia, fifteen Asterias) of each species. were distributed to 
10 inch crystallizing dishes so that on settling they formed a layer not 
more than 1 cell thick. Most of the sea water was then removed by 
suction and fresh filtered sea water again added. ‘This process was re- 
peated five times, after which microscopic examination showed no visible 
contamination with somatic tissue or foreign matter. 

The pooled sperm from males (twenty Arbacia, ten Asterias) was washed 
twice in | liter of filtered sea water and collected each time by centrifuga- 
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tion. The heavy pigmented material which collected beneath the sperm 
was removed and discarded. After a third washing the material was 
suspended in 200 ml. of acetone-ethanol (2:1) overnight and the residue, 
after decantation, was extracted twice with refluxing in 200 ml. of boil- 
ing acetone-ethanol for 2 hours each time. The residue was then dried 
and stored in a vacuum desiccator over P2Os. 

The dried Arbacia and Asterias residues were extracted with 20 ml. 
of ice-cold 7 per cent trichloroacetic acid in 50 ml. round bottom centrifuge 
tubes for 20 minutes at 0° with mechanical stirring. The supernatant 
fluid was removed after centrifugation in a refrigerated centrifuge at 
0-2° and the extraction repeated. The residue was then washed once 
with 70 per cent ethanol and twice with 95 per cent ethanol and then 
dried and stored in a vacuum desiccator over P2Qs. 

Mycobacterium tuberculosis H3z73Rv and M. tuberculosis H3;Ra, the latter 
an avirulent variant of the former (8), were grown in Roux bottles con- 
taining Dubos medium (9) at 37° for 10 days. They were collected by 
centrifugation and washed twice in 0.85 per cent saline containing 0.01 
per cent Tween 80? (polyoxyethylene sorbitan monooleate). Two other 
Mycobacteria used in these studies, M. sp. M.2 and M. sp. B5-1, were 
obtained in pure culture after isolation from an enrichment medium 
which contained isoamyl alcohol as the sole carbon source. They were 
subsequently grown at 28° in liquid medium containing yeast extract 
(Difco, 5 gm.), dextrose (20 gm.), and tap water (1 liter). They were 
harvested on the 3rd day of culture by centrifugation and washed three 
times in 0.85 per cent NaCl. 

The washed bacteria were extracted for 1 hour in 50 ml. of boiling 
acetone-ethanol in a 250 ml. round bottom centrifuge bottle, the super- 
natant fluid was removed, and the process repeated twice. The residues 
of the two strains of M. tuberculosis were also extracted four times with 
50 ml. of chloroform at room temperature for periods of 24 hours each 
time. After lipide extraction of. the bacteria was completed, each of 
the residues was stirred with 20 ml. of 7 per cent ice-cold trichloroacetic 
acid, to which was added 0.1 ml. of Tween 80 until the residues were 
completely wetted. The extraction was then carried out as described 
above. Preliminary trials with M/. tuberculosis H3;Rv and M. sp. B5-1 
showed that base recoveries were obviously incomplete unless the material 
was subjected to additional hpide extraction. These two strains were, 
therefore, extracted further with petroleum ether in a Soxhlet apparatus 
until evaporation of aliquots of the extract showed no residue (about 
30 hours). 

About 30 mg. of the powdered residues were placed in an open test- 


2? Atlas Powder Company, Wilmington, Delaware. 
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tube, 10 mm. in diameter and 75 mm. long, and 0.16 ml. of 12 Nn perchloric 
acid was added. The tube was immersed in a steam bath and kept at 


TABLE IV 
Base Content As Per Cent of Dried, Lipide-F ree, Acid-Extracted Material* 
Moles 
Source Adenine | Guanine | Cytosine Uracil | Thymine | bases per 
mole P 
A. punctulata sperm 2.72 2.04 1.43 0.00 2.68 0.98 
2.82 2.25 1.48 0.00 2.54 
A. forbesiz sperm 2.00 1.65 1.00 0.00 1.73 0.98 
2.02 1.45 1.06 0.00 1.68 
A. punctulata eggs 0.98 1.45 0.81 0.35 0.00 0.91 
0.90 1.43 0.82 0.36 0.00 
A. forbesit eggs 0.39 0.60 0.34 0.18 0.00 
0.39 0.57 0.34 0.18 0.00 
M. tuberculosis (H3;Rv) 0.40 0.82 0.62 0.09 0.19 0.70 
0.41 0.83 0.63 0.11 0.22 
“6 * (H37Ra) 0.36 0.81 0.57 0.09 0.19 0.68 
0.35 0.81 0.53 0.11 0.23 
M. sp. (M.2)t 1.41 2.56 1.38 0.68 0.16 0.92 
1.43 2.52 1.44 0.66 0.16 
1.21 2.25 1.24 0.56 0.13 0.81 
1.20 2.16 1.21 0.54 0.13 
* Each value represents one determination on one hydrolysate. 
+ Isolated from soil with isoamyl alcohol as the sole carbon source. 
TABLE V 
Molar Ratios of Bases Relative to Adenine (1.00) 
Source Guanine Cytosine Uracil Thymine 
A. punctulata sperm.................. 0.70 0.64 0.00 1.01 
1.37 1.06 0.46 0.00 
M. tuberculosis (Hz;Rv).............. 1.86 1.92 0.31 0.56 
1.13 0.71 0.73 0.00 


100° for 1 hour with occasional stirring. After cooling, the mixture was 
made up to 1 ml. with distilled water and centrifuged. 7 to 63 ul. por- 
tions of the clear supernatant liquid were used for paper chromatography, 
followed by determination of the bases as previously described. The 
purity of the separated bases was checked by comparing their absorption 
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spectra with those of authentic standards. The analytical results are 
summarized in Tables IV and V. 


DISCUSSION 


The present results reveal a close similarity in base ratios for each 
pair of related biological substances examined; namely, Arbacia and As- 
terias sperms, the corresponding eggs, as well as the two strains of tubercle 
bacilli, and the two rapidly growing Mycobacteria M.2 and B5-1. While 
there is also a striking correspondence in base distribution for the two 
sperms on the one hand and calf thymus DNA on the other, the eggs 
do not show the same pattern as does yeast PNA. Since, within the 
experimental error of the method, no uracil could be demonstrated in 
the sperms and no thymine in the eggs, it is probable that in these mate- 
rials the base values reflect the composition of DNA and PNA respectively. 
The eggs, including their nuclei, at the stage at which they were collected 
are Feulgen-negative. 

For isolated yeast PNA, the base ratios reported here differ considerably 
from those obtained by formic acid hydrolysis (1), especially with respect 
to uracil and cytosine; however, the analysis of mononucleotides (2) leads 
to values which are in better agreement with the ones given here. The 
fact that 95 per cent and 97 per cent of the nitrogen in PNA and DNA 
have been accounted for adds significance to the present results com- 
pared with data showing a less complete recovery (1, 10). 

None of the base ratios found are in harmony with the tetranucleotide 
theory (see Chargaff et al. (10)). In the case of the isolated PNA and 
DNA this conclusion is based on a method free from the inadequacies 
of earlier hydrolytic procedures, and in the case of the other biological 
materials the tetranucleotide theory is not supported under circumstances 
which exclude not only errors in hydrolysis but artifacts arising from 
nucleic acid isolation. 

M. tuberculosis is shown to contain small, but measurable, amounts 
of uracil. The relatively low content of this pyrimidine may account 
for the failure of previous workers (11) to demonstrate it. Tubercle 
bacilli, like other bacteria, therefore appear to contain both PNA and 
DNA. 

The cells of M. sp. B5-1 contain Feulgen-stainable bodies resembling 
nuclei, while M. sp. M.2 does not give a typical Feulgen stain. Never- 
theless, they give the same base ratios within the limits of experimental 
error and strain M.2 even has a somewhat higher absolute base content 
including thymine. It follows that cytochemical procedures for deter- 
mining DNA depending on microscopically visible amounts of Feulgen- 
positive material are not always reliable. 

The ‘moles of bases per mole of phosphorus” for the two sperms (0.98), 
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as well as for calf thymus DNA (0.96), indicate that, at least on the aver- 
age, there is very nearly a 1:1 correspondence between the base radicals 
and the phosphorus atoms in the DNA from these sources. For Arbacia 
eggs and yeast PNA the corresponding value (0.91) is lower, and, in the 
case of the tubercle bacilli, the results point to the presence of phos- 
phorus compounds other than nucleic acids. 

The differential liberation of the pyrimidines from calf thymus DNA 
and yeast PNA in 4.5 n perchloric acid, taken together with the complete 
liberation of all bases in 12 N perchloric acid, suggests the possible use of 
perchloric acid for the differential determination of pentose- and desoxy- 
pentose-linked pyrimidines in mixtures of the two types of nucleic acids. 

Because of its simplicity the present method is well suited to the analysis 
of small samples. ‘Thus, it is possible to digest and analyze 3 mg. or less 
of isolated nucleic acids and 10 mg. or less of nucleic acid-containing 
biological material without special equipment. 


SUMMARY 


1. A method has been described which permits the quantitative micro- 
determination of nucleic acid purines and pyrimidines without prior isola- 
tion of the nucleic acids in lipide-free, trichloroacetic acid-extracted, bio- 
logical materials, as well as in isolated desoxypentose and pentose nucleic 
acids. 

2. Under certain conditions differential liberation of pentose- and des- 
oxypentose-linked pyrimidines has been obtained. 

3. The new method has been applied to a variety of biological materials. 

4. The results indicate that the base patterns of desoxypentose nucleic 
acids from very diverse sources may be similar. The patterns for pentose 
nucleic acids of rather closely related materials (Arbacta and Asterias eggs) 
are also similar. However, in no case do the data support the tetra- 
nucleotide theory. 

5. The Mycobacteria, especially Mycobacterium tuberculosis, have ex- 
ceptionally high proportions of guanine and cytosine, although the nucleic 
acid is predominantly DNA in some and PNA in others. 

6. Evidence has been adduced for the presence of pentose nucleic acid 
in tubercle bacilli and desoxypentose nucleic acid in a Mycobacteriwm 
which is Feulgen-negative. | 
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PURINE AND PYRIMIDINE CONTENT OF THE NUCLEIC 
ACIDS OF NUCLEI AND CYTOPLASM* 


By ALFRED MARSHAK 


(From the Department of Chemistry, New York University College of Medicine, and 
the Division of Tuberculosis, United States Public Health Service, 
New York, New York) 


PLATE 1 
(Received for publication, July 22, 1950) 


The nuclei of mammalian liver cells have been shown to contain, in 
addition to desoxypentose nucleic acid (DNA), a pentose nucleic acid 
(PNA) which is functionally different from the PNA of the cytoplasm 
(1). In the investigations to be described here the proportions of purine 
and pyrimidine in these two types of PNA in calf liver, kidney, thymus, 
and heart have been found to be strikingly different from each other and 
to differ also from the base ratios of DNA. This evidence of structural 
difference supports the previous finding of metabolic differences in these 
nucleic acids. The data presented also have a significant bearing on the 
problem of cell differentiation by showing that, although one nucleic 
acid of the nucleus (DNA) may remain unchanged in composition in the 
course of embryologicaldevelopment, another (PNA) shows marked varia- 
tion. Since the nucleic acids also appear to be related to genic structure 
and function, the data also are of significance in this connection. 


Methods 


Preparation of Washed Nuclei—The nuclei were isolated in 5 per cent 
citric acid by centrifugation as previously described (2) with slight modifi- 
cations. Immediately after the calf was slaughtered, the organs were 
removed and the adhering fat and large blood vessels discarded. After 
squeezing to remove as much blood as possible and ringing in saline, the 
tissue was cut into small pieces which were put into ite-cold 5 per cent 
citric acid. After approximately 15 to 30 minutes in'the citric acid, the 
pieces of tissue were broken up in a Waring blendor which was run for 
2 to 4 seconds at full speed. If subjected to blending before the citric 
acid has penetrated the tissue, the nuclei may be spun out into threads. 
If they are blended too long after adequate citric acid treatment, the 
nuclei may be fragmented. The suspensions so obtained were passed 
through two to three layers of cheese-cloth and then subjected to centrifu- 
gation. With the kidney it was necessary after the first few centrifu- 


* Aided by a grant from the Division of Research Grants and Fellowships of 
the United States Public Health Service. 
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gations to pass the suspension through a single layer of fine mesh silk 
cloth (160 threads to the inch) to remove pieces of tubules which could 
not be separated from the nuclei by centrifugation alone. 

The suspensions were centrifuged at 190 X g for 2 to 3 minutes and 
the supernatant then again centrifuged at 920 X g for 15 minutes. The 
sediment obtained was then washed repeatedly in the centrifuge by re- 
suspending in 5 per cent citric acid and centrifuging at 920 X g for 5 to 
10 minutes, the supernatant liquid being discarded each time. After 
four cycles the volume of the suspension was reduced from 1 to 2 liters 
to 400 ml. After the sixth cycle the volume was reduced to 20 to 40 ml. 
After the eighth cycle all but the lower 1 to 2 mm. of sediment in a 12 
ml. conical tube was removed. The lower sediment was then examined 
microscopically, and, if it was found to contain any cytoplasmic frag- 
ments or whole cells, it was discarded. Centrifugal fractionation of the 
upper sediments was continued until the supernatant fluid was water- 
clear and microscopic examination showed no contamination by cyto- 
plasmic particles. This required ten to twelve cycles of suspension and 
centrifugation. Photomicrographs of suspensions of each of the four prepa- 
rations of nuclei are shown in Figs. 1 to 4. 

The sedimented nuclei were extracted twice with cold 7 per cent tri- 
chloroacetic acid for 20 minutes each time, then with 70 per cent ethanol, 
and twice with 95 per cent ethanol. They were then treated two times 
with a mixture of boiling ethanol-ether (2:1) for a period of 10 minutes 
each time. The residue was dried in a vacuum desiccator over P.O; 
after evacuation of the solvents and then ground to a powder. 

Preparation of Cytoplasmic Nucleic Acid Fractions—The supernatant 
fluid obtained after removal of the nuclei in 5 per cent citric acid was 
centrifuged at 1200 X g for 30 minutes and the sediment containing 
residual nuclei not previously removed was discarded along with some of 
the cytoplasmic material associated with them. ‘The extent to which 
there may have been any fractionation of particulate components of the 
cytoplasm was not determined. The terms cytoplasm and cytoplasmic in 
this paper should therefore be taken to indicate only the material sepa- 
rated by the methods described. Aliquots of the supernatant were cen- 
trifuged at 24,000 X g, and microscopic examination of the sediment 
obtained showed that it contained no nuclei. ‘To the supernatant from 
the 1200 X g centrifugation, 50 per cent trichloroacetic acid was added in 
amounts sufficient to make a final concentration of 5 per cent and the 
suspension stirred in the cold for 45 minutes. ‘The precipitate was re- 
moved by centrifugation, washed once with cold 5 per cent trichloroacetic 
acid, and extracted with ethanol and ethanol-ether in the same way as 
were the nuclei. 
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In order to obtain adequate amounts of cytoplasmic nucleic acid in the 
small volumes of fluid used in chromatography, further concentration was 
found necessary. This was accomplished by digesting approximately 100 
mg. of the dry powder with 1 ml. of 1 N KOH at 30° overnight and then 
adding HCl and trichloroacetic acid as for the separation of DNA and 
PNA to be described later. The supernatant fluid containing the PNA 
nucleotides was evaporated to dryness and weighed, giving the cyto- 
plasmic PNA fraction. 

Fractionation of Nuclet into DNA and PNA Components—To approxi- 
mately 100 mg. of the dried nuclei, 1 ml. of N KOH was added, and the 
solution was stirred to obtain thorough mixing and incubated at 30° over- 
night with continuous mechanical stirring. During this procedure the 
tube was kept stoppered, the aperture in the rubber stopper being just 
large enough to permit free rotation of the stirring rod. The clear solu- 
tion so obtained was treated as described by Schmidt and Thannhauser 
(3) to separate desoxypentose nucleic acid from the pentose nucleotides. 
To the 1 ml. of digest, 0.2 ml. of a mixture of equal volumes of concen- 
trated HCl and 1.5 N trichloroacetic acid was added. The precipitate 
containing the DNA and protein was washed three times with 0.125 n 
trichloroacetic acid and then dried in a vacuum desiccator over P:QOs, 
giving the DNA fraction. The supernatant fluid was heated for 30 min- 
utes in a water bath at 100° to decompose the trichloroacetic acid. To 
remove potassium, 0.09 ml. of 70 per cent HClO, was added to the tube in 
an ice bath, the tube wall washed with a small amount of water, and the 
volume made tol ml. The precipitated KClO, was removed by centrifu- 
gation and washed twice with ice-cold water, the washings being com- 
bined with the supernatant fluid previously obtained. This solution was 
then evaporated to dryness in a stream of dry air, the tube containing it 
being immersed in an alcohol vapor bath at 78°. After evaporation it 
was finally dried in a vacuum desiccator over P2O;, giving the nuclear 
PNA fraction. 

Phosphorus—The method of Fiske and Subbarow (4) for determining 
total phosphorus was used. Duplicate determinations were made on all 
preparations. The average value was used in all computations. 

Perchloric Acid Digestion--"Yo approximately 10 mg. of the dried ma- 
terial (nuclei, cytoplasm, or either of the fractions obtained from them) 
in a small test-tube (75 mm. X 7 mm. inside diameter), 0.052 ml. of 12 N 
HCO, was added (with a 0.1 ml. pipette graduated m 0.01 ml.) and, 

after mixing with a thin glass rod, the tube was inserted into the steam 
bath for 1 hour. The tube was left open and the suspension stirred oc- 
casionally. After cooling, the volume was made to 0.33 ml. with water 
and the black particulate matter removed by centrifugation. The su- 
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pernatant fluid was then used for chromatography by the methods pre- 
viously described (5). 

Chromatography—Guanine, cytosine, and the mixture of adenine plus 
uracil were determined by chromatography of 7.6 ul. quantities with the 
butanol-ammonia system. Uracil and thymine were obtained by using 
22.2 wl. quantities with the butanol-HCl system, adenine being obtained 
by difference (5, 6). With one exception, whenever preliminary trials 
showed guanine to exceed 7 y, chromatography was repeated with diluted 
digest. Absorption spectra were taken of all eluates and complete agree- 
ment with the theoretical curves was obtained in most cases. Whenever 
there was significant deviation from the theoretical curves, the data were 
considered unreliable. Such values are indicated in Table II by the sym- 
bol (?). In the case of kidney-nuclear PNA-uracil the absorption spectra 
were distorted when separation was made with the usual solvent systems, 
but good curves were obtained on chromatography with the system bu- 
tanol-diethylene glycol-0.1 Nn HCl in the proportions 4:1:1 (7). 

The quantity of base was calculated from the optical densities of the 
unknown and of the standard as previously described (5, 6). For detec- 
tion of the spots on paper radiation from a 12 inch mercury resonance 
lamp (GE No. G8T5), filtered through Corning No. 9863, 2 mm. thick 
ultraviolet filters, was used. The radiation so obtained was primarily in 
the 254 mu region. Trials with adenine showed that spots 1.5 em. in 
diameter on filter paper were readily detected visually with this radiation 
when they contained 0.2 y or more of the base. 

Schmidt-Thannhauser Separation on Calf Thymus DNA—This experi- 
ment was designed to determine whether calf thymus DNA was quanti- 
tatively precipitated by the methods used. Desoxyribonucleic acid was 
prepared from calf thymus by the method of Gulland et al. with slight 
modification (8). The tissue was extracted three times in the cold for 
24 hour periods with 0.9 per cent NaCl instead of twice, as described by 
Gulland, to obtain more effective removal of ribonucleoprotein prior to 
the extraction of the desoxyribonucleoprotein. The nitrogen and phos- 
phorus content found was the same as that obtained by Gulland et al. (5). 

The KOH digestion (50 mg. of nucleic acid in 1 ml. of N KOH) and acid 
precipitation were carried out as described for the nuclei and cytoplasm. 
The precipitate, after being washed three times with 0.125 N_ trichloro- 
acetic acid, was discarded. The combined supernatant and washings were 
evaporated to dryness, and digestion with HClO, and chromatography 
were carried out as with other fractions. The fraction was found to 
contain 1.4, 0.6, 0.6, and 0.0 per cent of the guanine, cytosine, adenine, 
and thymine, respectively, of the DNA. From these results it appears 
that the precipitation of the DNA was complete to within approximately 
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1.5 per cent and that the alkaline hydrolysis did not liberate significant 
quantities of the bases. In addition, the supernatant was found to con- 
tain 0.23 um of uracil per 100 mg. of DNA, from which it was estimated 
that the preparation may have contained 0.5 to 1.0 per cent PNA. These 
sources of error are well within the limits of error of other procedures used 
in the analysis of nuclei and cytoplasm. It should be noted that the 
presence of small amounts of uracil, such as those found, cannot be de- 
tected by direct chromatography of a perchloric acid digest of the DNA 
preparation because of ‘‘tailing’” by the relatively huge amounts of thy- 
mine present. 
Results 


Nuclei—The data calculated as micrograms of base per microgram of 
P in the acid-extracted, lipide-free nuclei from the four types of tissues are 
given in Table I. Each value for the DNA and PNA components is the 
mean of duplicate determinations on one digest. Each value for ‘‘whole”’ 
nuclei (7') is the mean of duplicate determinations on two digests. There 
is good agreement between the values obtained as the sum of the bases in 
DNA and PNA with those found for the unfractionated nuclei. An ex- 
ception may be noted in the case of thymus guanine which has a value 
for whole nuclei known to be too low, since it was obtained from spots 
containing more than 7 y. This explanation does not apply in the case of 
heart guanine in which the spots contained 6 to 7 y; hence the reason for 
lack of better agreement in the latter case is unknown. It is evident from 
the data that errors of approximately 10 per cent may be involved in the 
determination of guanine and from 2 to 6 per cent for the other bases. 

No uracil was found in any of the DNA fractions. Although a very 
small amount of ultraviolet-absorbing material was found in the PNA 
fractions with the same Rp as thymine, the absorption curve was in no 
case characteristic of thymine. Cytosine in thymus PNA was very low, 
but was apparently true cytosine by its absorption spectrum. 

The sum of the moles of bases per mole of P in each of the nuclear 
nucleic acid fractions was 1.01 to 1.09, with the exception of the PNA 
for thymus and kidney which had values 1.19 and 0.75, respectively. The 
small but consistent excess of base per mole of P appears to be significant. 

The fraction containing the nuclear PNA of thymus was treated by the 
method of Delory to determine inorganic phosphorus which, according to 
Schmidt and Thannhauser, represents P originally present as phospho- 
protein (3). The amount found was approximately 1 per cent of the 
total nuclear P (after lipide and acid extraction) and was therefore con- 
sidered to be negligible. Any error introduced by ignoring the phospho- 
protein P would be in the direction of reducing the value of the ratio of 
base to P. 
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Similar computations for the cytoplasmic PNA gave values of 0.6 to 
0.8 for the sum of the moles of base per mole of P, with the exception of 
heart in which it was 0.32. The low values found suggest the presence in 
the cytoplasm of phosphorus-containing compounds, not extracted by 
trichloroacetic acid and alcohol-ether, which are not nucleic acid. 

The molar ratios of each of the nuclear bases to adenine taken as unity 
are given in Table II. The ratios of the bases of DNA from each of the 
tissues are quite similar. For each base the variations in the ratios for 


TaBLeE I 
Bases of Fat-Free, Acid-Extracted Nuclei 
The results are in micrograms per micrograms of phosphorus. 


| | | 

Guanine | Adenine Cytosine, Uracil Thymine | Guanine Uracil 

| 

Liver | Kidney 

DNA -1.10 | 1.10 0.77 | 0.00 1.07 | 1.05 | 1.19 | 0.77 0.00 1.11 
PNA 0.170 0.150 | 0.050 | 0.057 0.000 | 0.094 0.091, 0.0190.045*, 0.000 
z 1.27 | 1.25 | 0.82 | 0.057 | 1.07 | 1.14 | 1.28 | 0.79 0.045 | 1.11 
T 1.26 1.29 0.85 | 0.061 1.07 1.15 | 1.25 | 0.82 (0.043 | 1.10 

DNA 1.27 (1.27 | 0.838 0.00 1.17 1.02 | 1.12 | 0.752/0.00 | 1.06 
PNA 0.091 | 0.092 | 0.007 | 0.013 0.000 | 0.151 0.147, 0.022:0.035 | 0.000 
z 1.36 | 1.36 | 0.84 | 0.013 1.17 | 1.17 1.27 | 0.77 (0.035 | 1.06 
T 1.07¢ | 1.40 | 0.87 | 0.014 | 1.20 | 1.05 | 1.29 | 0.80 0.036 1.08 


> = sum of the two fractions DNA and PNA. = determinations made on 


nuclei without fractionation. 

*The solvent mixture used contained butanol, diethylene glycol, and 0.1 N 
HC! (7). In the usual solvent mixture this spot was obviously contaminated. 

t The guanine in this spot contained 10 y. Because of this, the calculated value 
is known to be lower than the true value (see the text). 


different tissues are within the limits of error of the method, as indicated 
in Table I. The values previously obtained from calf thymus DNA, 
isolated by the method of Gulland et al. (5, 6), are given for comparison. 
The differences in base content of this product and of the DNA fractions 
of the nuclei cannot be ascribed to contamination with cytoplasm, since 
uracil is absent. Reasons for the observed differences remain unknown. 

For convenience the nuclear PNA will be designated as N-PNA and the 
cytoplasmic PNA as C-PNA. In the N-PNA the guanine-adenine ratios 
are similar to the values found for DNA of the same nuclei. Beyond this 
point, however, all resemblance to the base ratios of DNA ceases. ‘The 
cytosine-adenine ratios are very much lower than those in DNA, and, 


A. MARSHAK 613 


unlike DNA, in those ratios large variations are obtained from the nuclei 
of different tissues. ‘The uracil-adenine ratios are also very low and show 
considerable variation. The ratio of total purines to pyrimidines is in 
every case greater than in DNA and in contrast to DNA shows marked 
variation from tissue to tissue. As a group the N-PNA fractions are 
characterized by a low pyrimidine content and by proportions of adenine 
to each of the two pyrimidines which differ in the fractions of different 
origins. The thymus N-PNA has an unusually low cytosine content. 


TABLE II 
Ratios of Moles of Purines and Pyrimidines to Adenine* 
Nuclei 
DNA See 0.89 | 0.85 | 1.04 1.0 1.04 
Thymus...... 0.89 | 0.79 | 0.99 1.1 1.09 
Kidney....... 0.79 | 0.78 | 1.00 1.0 1.03 
0.82 | 0.82 | 1.01 1.0 1.02 
 , Se 0.70 | 0.69 | 0.96 1.0 0.96 
PNA eae 1.00 | 0.39 0.45 2.4 1.02 
Thymus...... 0.88 | 0.09 0.17 11.1 1.19 
Kidney....... 0.92 | 0.25 0.59 2.3 0.75 
Beeoart........ 0.92 | 0.19 0.29 4.0 1.07 
Cytoplasm 1.83 | 1.22 1.12 1.2 0.79 
Thymus...... 1.88 | 1.44 0.89 HF 0.62 
Kidney....... 1.78 | 1.25 0.94 1.3 0.68 
Heart. . 1.20 | 0.77 0.03 (2?) 2.9 0.32 
Yeast RNA§ 1.13 | 0.71 0.73 | 0.91 


* Calculated directly from base content of digests without reference to P. 
{NP = DNA isolated from calf thymus. 
t Absorption curve shows contamination. 


§ Yeast RNA = commercial preparation from Schwarz. Data in both cases 
taken from Marshak and Vogel (6). 


Cytoplasm—The ratios of the C-PNA bases relative to adenine are 
quite different from the N-PNA ratios of the same tissues. The former 
values for liver, thymus, and kidney resemble each other rather closely. 
In addition to a uniformity in the guanine-adenine ratios, comparable to 
that observed in DNA and C-PNA, this group shows a much closer cor- 
respondence in the cytosine-adenine and uracil-adenine ratios, as well as 
in the total purine-pyrimidine ratios, than was found in the N-PNA. As 
a group they are characterized by having a greater proportion of bases 
other than adenine and a particularly large proportion of guanine. 

Heart C-PNA differs from the C-PNA of the other tissues with respect 
to the guanine-adenine and the cytosine-adenine ratios and is distinctly 
different from the heart N-PNA as well. It also appears to be unique in 
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lacking uracil. The value (0.03 ?) given in Table II represents the maxi- 
mum amount of ultraviolet-absorbing material with the Ry, for uracil. 
The absorption spectra obtained, however, differed widely from those of 
the standard curves after chromatography by either of the methods used. 


DISCUSSION 


The similarity in the composition of the DNA of the four tissues exam- 
ined was to be expected from the similarity found previously in the DNA 
from widely different sources (6). The base ratios for DNA deviate sig- 
nificantly from the values for a theoretical tetranucleotide, although they 
approach them more closely than those previously presented (5, 7). Un- 
like the DNA, the nuclear pentose nucleic acids have base ratios which 
differ to such an extent that the PNA from nuclei of each organ or tissue 
must be considered as an entity distinct from the others, although they 
have common characteristics as a group. The ratios for C-PNA all differ 
from those of yeast PNA. In none of the PNA preparations do the base 
ratios even remotely approach a theoretical tetranucleotide. 

In previous experiments it was shown that the rate of turnover of 
nucleotide in the N-PNA of rat and rabbit liver was much greater than 
that of the C-PNA (1, 9). The present results show that these nucleic 
acids also differ in composition, thus indicating a structural basis for the 
functional difference. 

The preponderance of bases other than adenine in C-PNA, as compared 
with N-PNA, suggests that, if the former were derived from the latter, 
considerable amounts of adenine nucleotide must be released (40 to 50 
per cent). The experiments previously mentioned showed that N-PNA 
could not be derived from C-PNA but that the former could act as the 
precursor of the latter (1, 9, 10). Thus the present findings suggest that 
the free adenine nucleotides of the cytoplasm may be derived from the 
N-PNA in its conversion to C-PNA._ Since the non-nucleic acid, cyto- 
plasmic adenine derivative appears to be adenosine-5-phosphate, while 
the adenine of yeast nucleic acid and presumably therefore of the PNA of 
both cytoplasm and nucleus is present as either adenosine-2-phosphate or 
adenosine-3-phosphate or both (11), the former cannot arise simply by 
being split out of the nucleus, but a process resulting in a rearrangement 
of the phosphate linkages must be involved. 

In connection with the very low cytosine content of thymus N-PNA, 
the unique response of nuclei of lymphocytes to ionizing radiation should 
be noted (12, 13), as well as the inability of heart muscle to regenerate in 
relation to the absence of uracil in C-PNA of this tissue. 

The differentiation of various types of cells in early embryological de- 
velopment is usually considered to be a consequence of segregation of 
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cytoplasmic :constituents of the ovum (14). The marked variation in 
composition of N-PNA of different tissues makes it necessary that the 
development of nuclear as well as cytoplasmic differences be considered as 
elements in the differentiation process. 


SUMMARY 


Analyses of the purine, pyrimidine, and phosphorus content of nuclei 
and cytoplasm of four calf organs and of the DNA and PNA present in 
these cellular fractions are presented. The molar ratios of the desoxy- 
pentose nucleic acids are all the same within the limits of error of the 
experiment, while those of the nuclear and cytoplasmic pentose nucleic 
acids show variation which is particularly pronounced in the former. As 
a group the nuclear pentose nucleic acids may be characterized by ap- 
proximate equality in the proportions of the two purines and low propor- 
tions of each of the pyrimidines to adenine. The pentose nucleic acids of 
the cytoplasm of tissues other than heart have very high guanine to ade- 
nine ratios, high cytosine to adenine ratios, and approximately equal 
proportions of uracil and adenine. The cytoplasmic PNA of heart muscle 
contains very little or no uracil, while thymus nuclear PNA has an excep- 
tionally low cytosine content. The significance of these observations is 
briefly discussed. 
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EXPLANATION OF PLATE Il 


hia. Liver nuclei. 

Kia. 2. Kidney nuclei. 

Pia. 3. Heart nuclei. 

hia. 4. Thymus nucle. 

All magnified 430 unstaimed. 
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GLUCONOKINASE AND THE OXIDATIVE PATH OF GLUCOSE- 
6-PHOSPHATE UTILIZATION * 


By SEYMOUR S. COHEN 


(From the Children’s Hospital of Philadelphia (Department of Pediatrics), and the 
Department of Physiological Chemistry, School of Medicine, University 
of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, November 13, 1950) 


An investigation concerning various aspects of the origin of pentoses 
has led us to a study of enzymes from yeast and Escherichia colt which 
degrade 6-phosphogluconate (1, 2). A new method of specific analysis 
of gluconate as well as other carbohydrates was devised, which depended 
upon the fermentation of the carbohydrate by pairs of non-adapted and 
adapted bacteria, E. coli (3). In tests of the specificity of the adapted 
organisms, it was shown that gluconate-adapted bacteria would not me- 
tabolize 2-ketogluconate, 5-ketogluconate, pD-arabinose, or pD-arabonate. 
From the tests of simultaneous adaptations (4, 5) it appeared that the 
first step of the adaptive process did not consist of a dehydrogenation to 
the keto acid, a decarboxylation to arabinose, or an oxidative decarboxyl- 
ation to arabonate. 

It appeared possible that the first step in the adaptive process was a 
phosphorylation. This was tested by means of cell-free extracts of adapted 
and non-adapted bacteria. It was found that in adapted bacteria the 
adaptive enzyme, designated gluconokinase, is a transphosphorylase cat- 
alyzing the reaction.' 


Gluconate + ATP 


nod 6-phosphogluconate + ADP 


Data will be presented on the specificity, Mgt+ activation, and partial 
purification of the enzyme, as well as the chemical and enzymatic evidence 
on the nature of the phosphogluconate formed. A brief summary of 
these results has appeared (6). 


Methods 


Preparation of Bacteria—E. coli, strain B, was grown at 38° in a mineral 
medium containing glucose or gluconate as the sole carbon source (3, 5). 
In experiments comparing extracts of adapted and non-adapted bacteria, 
two cultures were prepared simultaneously with either glucose or gluconate, 


* This research was generously supported by a grant from the Commonwealth 
Fund. 

1 ADP, adenosinediphosphate; ATP, adenosinetriphosphate; DPN, diphospho- 
pyridine nucleotide; TPN, triphosphopyridine nucleotide; TCA, trichloroacetic 
acid. 
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the parent inoculum being derived from a culture in which all growth had 
stopped in the exponential phase due to the exhaustion of the carbon 
source, glucose. Analysis of the kinetics of growth on gluconate alone 
or glucose-gluconate mixtures had shown that growth of a culture on glu- 
conate was a function of the entire population (3). The sole difference 
between the adapted organism and the glucose-grown organism appeared 
to be the acquired ability to oxidize or ferment gluconate. The mass 
doubling time on gluconate was about 10 per cent greater than on glucose. 
At a desired level of exponential growth, the organisms contained in a 
liter of culture were harvested by centrifugation and washed twice with 
mineral medium or 0.85 per cent saline. 

Preparation of Extracts—The wet pellets (of the order of 1 gm.) of bac- 
teria were weighed and mixed with 2.5 times this weight of a fine alumina 
powder, No. A-301, kindly given to us by the Aluminum Corporation of 
America. The mixture was now transferred to a chilled mortar and ground 
vigorously by hand for 2 to3 minutes. The glutinous paste was suspended 
in cold 0.01 mM phosphate buffer at pH 7.0 and sedimented for 30 minutes 
at 5000 r.p.m. It was found that more than 90 per cent of the bacterial 
protein appeared in the eluates after this treatment. Three elutions 
sufficed to extract the activity almost completely. Extracts of cells which 
had exhausted substrate some hours before harvest were considerably 
clearer than extracts from actively multiplying cells. 

Manomcetric Methods—In the transfer of 1 mole of phosphate from ATP 
to gluconate, 1 mole of acid is liberated. The activities of the extracts 
were measured in Warburg respirometers at pH 7.4 at 38°. The main 
compartment of the vessels generally contained 10 um of substrate and 
small aliquots of enzyme (equivalent to 10 to 20 mg. of bacteria) in 2.3 ce. 
of 0.02 N NaHCO,. A side arm contained 4 to 5 um of ATP and 0.01 m 
MgCl, in 0.2 ec. of 0.02 nN NaHCO;. The atmosphere contained 5 per 
eent CO, and 95 per cent No In some experiments an additional side 
arm contained trichloroacetic acid to stop the reaction. 

Substrates—Preparations of barium ATP obtained from the Sigma 
Chemical Company were found to be of a high order of purity, containing 
only traces of inorganic phosphate and having 63 to 67 per cent of the non- 
inorganic phosphate as acid-labile phosphate. This was converted to an 
Na salt. 

With one exception, the sugar acids were converted to and tested as 
potassium salts. We are indebted to Dr. P. Regna of Charles Pfizer and 
Company for crystalline salts of 2-ketogluconate, 5-ketogluconate, p- 
arabonate, D-altronate, L-idonate, and isoascorbate. D-Galactose, D-man- 
nose, D-xylose, D-arabinose, and p-fructose were Pfanstiehl products. —p- 
Glucose was obtained from the J. T. Baker Chemical Company, Ca 
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gluconate from Merck and Company, Inc., and p-ribose from the Schwarz 
Laboratories, Inc. The crystalline potassium salts of gluconate, p-galac- 
tonate, D-mannonate, D-ribonate, and p-xylonate were prepared from the 
aldoses by hypoiodite oxidation (7). 

TPN was isolated from horse liver by the method of LePage and Mueller 
(8). In addition, a sample of 55 per cent purity prepared by this method. 
was kindly given to us by Dr. B. Horecker of the National Institutes of 
Health. 

Fructose-1 ,6-diphosphate was obtained as the barium salt from the 
Schwarz Laboratories, Inc. Barium-6-phosphogluconate was prepared by 
the bromine oxidation of glucose-6-phosphate (9). The preparation used 
in these experiments was essentially free of glucose-6-phosphate, deter- 
mined as described under ‘“‘Spectrophotometric methods.”’ It did contain 
1.4 per cent of 2-ketogluconate, presumably as the 6-phosphate. The 
ketogluconate was determined by isolation? and the spectrophotometric 
method of Lanning and Cohen (10). 

Spectrophotometric Methods—Glucose-6-phosphate and _ 6-phosphoglu- 
conate were determined by following the reduction of excess TPN at 340 
my in the Beckman spectrophotometer in the presence of glucose-6-phos- 
phate dehydrogenase and 6-phosphogluconate dehydrogenase respectively. 
These enzyme preparations were derived from veast Lebedev extracts 
(2) or E. colt and were tested in 3 cc. of 0.04 m glycylglycine buffer at pH 
7.4 containing 0.001 m MgCl... A yeast preparation was available which 
originally had both dehydrogenases (2), but lost the phosphogluconate 
dehydrogenase activity on standing. In some experiments, gluconokinase 
activity was measured by following the rate of reduction of the TPN used 
to oxidize the 6-phosphogluconate generated. The molecular extinction 
coefficient for TPN was taken to be 6.22 X 108 sq. em. per mole (11). 

Analyses—Phosphorus was determined by the method of King (12). 
Alkali-labile P was estimated by incubating aliquots for 30 minutes at 
37°in 0.5 N NaOH. After neutralization with HCl, inorganic P was deter- 
mined as usual. Acid-labile P was determined by heating 1 cc. aliquots 
with 1 ee. of 2 N HCl for 10 minutes in a boiling water bath in a glass- 
stoppered tube. The tube was removed to an ice bath and | cc. of 2.N 
NaOH was added. Inorganic P was then determined. 


Results 


Enzymatic Activities of Extracts from Adapted and Non-Adapted Cells— 
In Fig. 1 is presented a typical experiment in which are compared the 
activities of extracts equivalent to 10'° cells in the presence of ATP, and 
glucose, gluconate, or no substrate. It can be seen that the extract of 


2 Scott, D. B., Lanning, M., and Cohen, 8. 8., unpublished data. 


620 GLUCONOKINASE 


unadapted cells slowly liberated acid from ATP in the presence or absence 
of gluconate at the same rate. With glucose added, however, acid was 
rapidly formed, the molar ratio of acid to ATP exceeding 1. When the 
contents of this vessel were chilled and an aliquot analyzed spectrophoto- 
metrically for glucose-6-phosphate, it was found that only 11 per cent of 
the total acid liberated could be accounted for as this substance. An 
additional 25 per cent appeared as inorganic phosphate from ATP de- 
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Fig. 1. Acid production in the enzymatic transphosphorylation from adenosine- 
triphosphate to gluconate by extracts of adapted and non-adapted bacteria. At 
zero time, 3.3 um of ATP and 22 um of Mg*t* were added to 0.2 cc. of bacterial extract 
(1.0 * 10’ cells) and 10 un of substrate in 2.5 cc. of bicarbonate buffer at pH 7.3. 
The gas phase was 5 per cent CO2-95 per cent N2. Left, extract of unadapted cells, 
grown in glucose; right, extract of adapted cells, grown in gluconate. 


composed and 63 per cent appeared as alkali-labile phosphate, presumably 
triose phosphate. Thus 102 per cent of the acid liberated was accounted 
for. 

It may be concluded that this extract contained the active enzymes, 
hexokinase, phosphohexoisomerase, phosphohexokinase, aldolase,*? and a 
weak ATPase. Aldolase has been demonstrated spectrophotometrically in 
these extracts by following DPN reduction in the presence of fructose-] ,- 
6-diphosphate and twice recrystallized triose phosphate dehydrogenase 
(13, 14). 

As can be seen in Fig. 1, comparable amounts of acid were liberated in 


’ These four enzymes will be referred to as ‘‘the glycolytic complex.”’ 
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the presence of glucose and the extracts of gluconate-adapted bacteria. 
In addition, acid liberation with gluconate was quite rapid, about twice 
that with glucose. It was found that the total acid liberated was ac- 
counted for by inorganic phosphate resulting from ATP hydrolysis and a 
compound reducing TPN in the presence of 6-phosphogluconate dehydro- 
genase. 

In Fig. 1, 3.2 um of acid were produced on gluconate in 15 minutes, of 
which 0.5 um was due to ATPase activity. When the experiment was 
stopped, the vessel was chilled and an 0.1 cc. aliquot was added to 3.03 ce. 
of a mixture containing glycylglycine, Mg**, yeast phosphogluconate 
dehydrogenase, 0.15 um of TPN, and 0.001 m NaCN. It was found that 
cyanide prevents the rapid reoxidation of TPN due to bacterial enzymes. 
The system was followed spectrophotometrically. In the absence of yeast 
phosphogluconate dehydrogenase, the diluted reaction mixture reduced 
TPN slowly and incompletely. However, with yeast enzyme added, a 
maximal density increment of 0.228 was obtained in 10 minutes, equivalent 
to 2.85 um of 6-phosphogluconate as compared to the observed acid-lib- 
erating transphosphorylation of 2.7 um. Analysis of 1.5 cc. of the product 
in the vessel containing gluconate, ATP, and the extract of unadapted 
bacteria revealed less than 0.035 um of 6-phosphogluconate. Comparable 
results have been obtained in several experiments. 

Comparisons of the gluconokinase activities in the two extracts were 
made spectrophotometrically by adding aliquots to mixtures containing 
0.25 um of ATP, and 4 um of gluconate in addition to the dehydrogenase 
and TPN components described above. It was found that an aliquot 
equivalent to 5 X 10’ adapted cells contained gluconokinase, leading to 
significant TPN reduction in the test, whereas no activity was found in 
aliquots equivalent to 10° unadapted cells. 

It was of interest to determine whether the phosphogluconate dehydro- 
genases of adapted and non-adapted organisms were present in different 
amounts. No significant differences were found in the extracts of the two 
types of organism, as determined spectrophotometrically in the presence 
of 0.8 um of 6-phosphogluconate in 3 cc. of reaction mixture (see ‘‘Meth- 
ods”). In these systems, an extract equivalent to 10 mg. of wet bacteria 
reduced about 0.018 um of TPN per minute, at room temperature. 

Action of Magnesium Ions—It may be calculated that a 10 cc. extract 
of 1 gm. of washed wet bacteria, grown in 10-* m Mg*, might contribute 
sufficient Mg++ to make the concentration in the respirometer vessel about 
10-* to 10-7 m with respect to thision. The relative rates of acid liberated 
under the conditions described under “‘Methods” with 0, 10-* m, 107? M, 
10-7 m of Mg** added were 1.0, 1.4, 3.2, and 2.1, respectively. The op- 
timal Mg** concentration for gluconokinase activity under these condi- 
tions was 
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Specificity of Gluconokinase—Extracts of unadapted glucose-grown and 
gluconate-adapted E. coli will transphosphorylate to hexoses besides glu- 
cose. In contrast to yeast hexokinase, which phosphorylates fructose 
somewhat more rapidly than glucose (15), the relative rates of acid libera- 
tion (after subtraction of ATPase activity) with glucose, fructose, and 
mannose were 1:0.15:0.18. However, this should be repeated with puri- 
fied bacterial hexokinase since acid liberation in this system with glucose 
appears to involve the activity of at least one other acid-producing enzyme, 
phosphohexokinase. 

In contrast to the apparently wide range of activity of the bacterial 
hexokinase, gluconokinase was absolutely specific for gluconate. In Table 


TABLE I 
Substrates Inactive with Gluconokinase and ATP 


Substrate Structural difference from gluconate 
p-Mannonate............ Epimeric hydroxyl at C2 
p-2-Ketogluconate....... Carbonyl at C2 (probably pyranose) 
Epimeriec hydroxyls at and C; 
p-Galactonate........... hydroxyl “ 

p-5-Ketogluconate...... . Carbonyl at C; (possibly furanose) 

p-Glucuronate............ Acid at aldose at C; 
p-Arabinose............. Loss of Cy, aldose 

p-Isoascorbate.......... —1,4-Lactone, enediol at C. and C; 
p-Ribonate.............. Loss of Cs, epimeric hydroxyl at C; 
p-Arabonate............ at C. and C;, 


I are listed the inactive substrates tested and their structural dissimilarities 
from gluconate. 

Partial Purification of Enzyme—It was found that centrifugation of 
extracts of adapted bacteria at 10,000 r.p.m. for 2 hours did not sediment 
gluconokinase, the glycolytic complex, ATPase, or the phosphogluconate 
dehydrogenase, despite the sedimentation of granules comparable to micro- 
somes. Lactate dehydrogenase in this organism is associated with particles 
sedimentable under comparable conditions (16), as is ATPase in many 
other types of cells. Sedimentation in this fashion essentially eliminates a 
fraction precipitable at pH 7.4 in 30 per cent saturated (NH4) SOx. 

Further addition of (NH4)2SO, to 50 per cent saturation precipitates 
considerable protein, including about 30 per cent of the ATPase and some 
of the glycolytic complex. No gluconokinase precipitated under these 
conditions. Gluconokinase was quantitatively recovered in the large pro- 
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tein fraction which precipitated on increasing the (NH,)2SO, concentration 
from 50 to 75 per cent saturation. This fraction then contained slight 
ATPase activity and a weak glycolytic complex. As Racker has shown 
(17) and we have confirmed, this fraction also contains most of the 6- 
phosphogluconate dehydrogenase. 

Chemical Nature of Phosphogluconate ad- 
dition to the demonstration that the enzymatic product of gluconokinase 
activity reduces TPN in the presence of 6-phosphogluconate dehydro- 
genase, it has been shown that the phosphate ester is acid-stable. The 
transformation of acid-labile P to acid-stable P was determined after glu- 


TaBLe II 
Transfer of Acid-Labile P from ATP to Acid-Stable Phosphogluconate 


Product of 


Phosphorus | Control | — Change in P  ehaailaeel in 
activity | | 
| meg. mg. mg. | uM 
0.044 +0.007 | +0.22 
MMI ee | 0.335 | 0.208 | | 
True acid-labile (acid-labile p — inorganic | | | 


Acid-stable (organic P — true acid-labile P).| 0.155 0.283 +0.128 44.13 


The experiment was run in Warburg vessels at 38°. The center compartment 
contained 2 cc. of 0.023 N NaHCOs, 0.1 ee. of salt-purified gluconokinase (equivalent 
to 10 mg. of adapted bacteria, wet weight), and 0.2 ec. of water in the control or 4.27 
uM of potassium gluconate. One side arm contained 0.2 cc. containing 4.9 um of 
NasATP, 107-3 m MgClo, and 0.2 Nn NaHCQO;. A second side arm contained 0.2 ec. of 
50 per cent TCA. TCA was added to the control at the beginning, and to the vessel 
containing gluconate at 16 minutes when acid liberation had almost ceased. 


conokinase activity was completed in a manometric experiment. A glu- 
conokinase preparation partially purified by precipitation between 50 and 
75 per cent saturated (NH4)2SO,4 was used since ATPase activity was slight. 
TCA was tipped in and, after chilling, the contents were centrifuged. The 
analyses of inorganic, acid-labile, and acid-stable P in a typical experiment 
are presented in Table II. It may be seen that, when gluconokinase 
activity had essentially stopped, 4.32 um of acid-labile P had disappeared 
to form 4.13 um of acid-stable P plus 0.22 um of inorganic P. The system 
had contained 4.27 um of potassium gluconate. 

Utilization of Glucose and Gluconate by Growing Bacteria—The QO: con- 
sumption and CO, production of gluconate-adapted bacteria were deter- 
mined per mole of glucose and gluconate under conditions of active growth 
in the complete mineral medium. Although the basal rates of O» con- 
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sumption and CO, production which obtained after exhaustion of the sub- 
strates were significant, this period of metabolism was minimized by prior 
determination of O2 consumed per mole of substrate and the time required 
to exhaust the substrate. In the actual experiments, therefore, it was 
possible to approach the true values of O2 consumption and CO, production 
per mole of substrate used by adding TCA very close to the point of sub- 
strate exhaustion. No effort was made to estimate hydrogen production 
in the system. 


TaBLeE III 
Utilization of Glucose and Gluconate by Gluconate-Adapted E. coli under Conditions 
of Growth 
Substrate consumed 
Estimation 
Glucose Gluconate 
pM 
COs 1.43 1.39 
Respiratory quotient........... 1.06 1.31 


* Per micromole of substrate. 

Bacteria were grown in a medium containing gluconate to 2 X 108 percc. They 
were sedimented, washed twice, and resuspended in mineral medium at 4 X 108 
per cc. The center chambers of the Warburg vessels contained 2.0 cc. of bacterial 
suspension. One side arm contained 0.1 cc. of solution with 2.9 um of glucose or 
potassium gluconate. A second side arm contained 0.2 cc. of 0.6 nN NaOH and the 
center well contained 0.2 cc. of 50 per cent TCA. Four vessels were used with each 
substrate. After incubation and establishment of the basal rate, initial COz was 
determined in two vessels. Duplicate vessels were used for O2: consumption and 
CO; production on the substrates and the last pair of vessels was used to estimate 
increase in bacteria turbidimetrically. The curves for O2: consumption were typi- 
cally exponential as in growth, borne out by the observed turbidity increments of 
the cultures. 


In Table III, it is seen that the bacteria produce about 1.4 moles of CO, 
per mole of either substrate. Thus, 4.6 moles of carbon are assimilated 
for 1.4 moles of carbon burned under conditions of active growth on either 
substrate. It has been shown earlier by turbidimetric analysis that the 
bacterial masses produced in exponential growth per mole of either sub- 
strate were essentially identical. However, O. consumption was 1.35 
moles per mole of glucose in contrast to 1.06 moles of O2 per mole of glu- 
conate. 


DISCUSSION 


It has been shown that the formation of gluconokinase is the only ap- 
parent change involved in the adaptation to the utilization of gluconate 
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by E. coli. The formation of this enzyme appears to be the adaptive 
process, and this appearance of enzyme activity does not appear to take 
place at the expense of the glycolytic complex. More significantly, the 
enzyme, 6-phosphogluconate dehydrogenase, which is the only system 
known to handle the first metabolic product, 6-phosphogluconate, is pres- 
ent in comparable amounts in adapted and non-adapted cells. That the 
end-product of gluconokinase activity is 6-phosphogluconate is considered 
likely from the acid stability of the phosphate and the enzymatic dehydro- 
genation of this product by a 6-phosphogluconate dehydrogenase from 
yeast. 

That the adaptive process involves the conversion of the carbon source 
to a phosphorylated compound was anticipated from the negative results 
of our analysis of possible simultaneous adaptations, the known existence 
of 6-phosphogluconate dehydrogenase in E. coli (17), and other examples 
of adaptive transphosphorylases, galactokinase in yeast (18), glucose hexo- 
kinase in Pseudomonas (19), and p-arabinokinase in an E. colt mutant.‘ 
There is no evidence that the adaptive enzyme, gluconokinase, exists in 
unadapted £. coli. If it is assumed that this enzyme has a molecular 
weight and turn-over number similar to that of yeast hexokinase (15), it 
may be calculated that an adapted cell contains on the order of 1000 mole- 
cules of gluconokinase. The sensitivity of our assays of extracts permits 
us to limit the number of active molecules of this enzyme per unadapted 
cell to a maximum of 15, if any. On these assumptions, 1 gm., wet weight, 
of adapted cells may be expected to contain a maximum of about 0.1 mg. 
of enzyme. 

Since it is known that gluconate is produced from glucose in animal 
tissues, for example liver, by glucose dehydrogenase, a DPN enzyme (20), 
and in many organisms by glucose oxidase, a flavin enzyme (21), it would 
appear of interest to attempt to see whether gluconokinase is present in 
other cells as well. Although galactose-l-phosphate had been found in 
liver (22), the galactokinase of liver was not seriously sought until after it 
was found in adapted yeast. The enzyme has recently been demonstrated 
in mammalian liver (23). 

Since the conversion of glucose-6-phosphate to 6-phosphogluconate ap- 
pears to be practically irreversible (24), it is considered likely that glu- 
conate is utilized exclusively by the oxidative pathway via 6-phosphoglu- 
conate dehydrogenase. It has been shown (1, 2) and recently confirmed 
(25) that ribose-5-phosphate is a product of this oxidative path. Ribose- 
5-phosphate may be transformed by extracts of E. coli, strain B, to a 2- 
carbon fragment and triose phosphate, estimated by Racker (17) as di- 
hydroxyacetone phosphate in the presence of isomerase. Thus, this strain 


4 Lanning, M., and Cohen, 8S. S., unpublished data. 
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of EF. coli is equipped enzymatically to convert gluconate to triose phos- 
phate, a typical product of the Embden-Meyerhof scheme, partially by- 
passing this scheme by making use of that part of the oxidative pathway 
of glucose-6-phosphate utilization past glucose-6-phosphate dehydrogenase. 
The conversion of 1 mole of gluconate to 1 mole of triose phosphate would 
account for 0.5 mole of Oz and 1.0 mole of COs or 47 per cent of the O» 
consumed and 72 per cent of the COz produced. These relations are pre- 
sented in Scheme 1. 


ATP 


Glucose Glucose-6-phosphate Fructose-1,6-diphosphate 
ATP 
aci 


+ 3 
Ribose-5-phosphate + Triose phosphate 


ScHEME 1. Alternative paths of glucose-6-phosphate utilization 


Although gluconate by-passes the glycolytic complex, the continued 
existence of these systems in adapted bacteria suggests that they may be 
used in part to convert triose phosphate to stored polysaccharide and sub- 
sequently in the utilization of that polysaccharide by the Embden-Meyer- 
hof scheme. However, it must be emphasized that there is no indication 
that glucose-6-phosphate as such is used by the anaerobic glycolytic mech- 
anism rather than by the oxidative pathway. In the first place, the com- 
parison of glucose and gluconate utilization fits an oxidative mechanism 
for glucose utilization as well as the classical scheme. Secondly, since 
gluconokinase is the only apparently new component in gluconate uti- 
lization, and the utilization of this substrate for growth by the oxidative 
pathway is only 10 per cent slower than is glucose utilization, it would 
appear that unadapted cells are potentially capable of handling glucose 
for growth almost completely by the oxidative path. 

Since the oxidative pathway is now known for a variety of tissues (26), 
yeast (27), bacteria (12, 17), red, green, and blue-green algae (28), and 
invertebrate sperm (28) and eggs (29), the question may be raised, “by 
which pathway is glucose degraded under conditions of normal growth and 
cellular function in most organisms?”’ How is the pathway of utiliza- 
tion determined? It may be anticipated that the answers to these ques- 
tions will yield important clues to our understanding of growth, differ- 
entiation, tumor formation, and other biological processes. 


I wish to acknowledge the generous assistance of my collaborator, Dr. 
D. B. McNair Scott, in aspects of the work concerned with the use of the 
6-phosphogluconate dehydrogenase of yeast and E. coli. 
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SUMMARY 


A method of rapidly breaking up Escherichia coli, strain B, by grinding 
with alumina has been described. Eluates of the mixture of fragmented 
bacteria and alumina have been shown to contain enzymes of the glycolytic 
complex and an ATPase, as well as 6-phosphogluconate dehydrogenase. 
In addition, only extracts of gluconate-adapted bacteria contain glucono- 
kinase, the adaptive enzyme responsible for the first step of gluconate 
utilization and the sole apparent adaptive change in these organisms as 
contrasted to glucose-grown organisms. 

Gluconokinase is an Mg**-activated enzyme, catalyzing the formation 
of 6-phosphogluconate from gluconate and ATP. In crude extracts under 
anaerobic conditions in the absence of TPN, this ester accumulates and 
has been determined manometrically and by a spectrophotometric en- 
zymatic method. The enzymatic analysis and acid stability of the ester 
are considered to identify the product as 6-phosphogluconate. 

Gluconokinase, the glycolytic complex, ATPase, and 6-phosphogluconate 
dehydrogenase were shown not to be present on particles analogous to 
microsomes. Gluconokinase was partially purified and partially separated 
from ATPase and the glycolytic complex. The adaptive enzyme was 
found to be inactive on any of thirteen related compounds tested. 

The assimilation of carbon from glucose and gluconate was the same 
under conditions of active growth, although a difference was observed in 
the O», needed to use these substrates. The probable mechanism of glu- 
conate conversion to smaller fragments has been discussed and it has been 
shown that this conversion probably by-passes the Embden-Meyerhof 
scheme of glucose-6-phosphate conversion to triose phosphate. The ex- 
istence of the enzymes of the oxidative pathway in glucose-grown bacteria 
and other cells was discussed in relation to the possibility that normal glu- 
cose utilization may proceed by this oxidative pathway. 
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THE DETERMINATION OF FREE AND TOTAL AMINO ACIDS 
IN RAT TISSUES* 
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In the mammalian organism, the synthesis and breakdown of protein 
depends upon the composition of the medium in which these processes 
occur. It was of interest, therefore, as an aid in the study of tissue metab- 
olism, to analyze certain tissues for their content of individual free amino 
acids. The results of the analyses of skeletal muscle, heart muscle, liver, 
kidney, and spleen for twelve individual amino acids are presented. In 
addition, data are reported for the analyses of the above whole tissues 
following their acid hydrolysis. 


EXPERIMENTAL 


Adult, male, Sprague-Dawley rats, varying in weight from 250 to 370 
gm., were used in the present series of experiments. The animals were 
maintained on a stock diet and fasted 24 hours prior to being sacrificed. 

In the preparation of suitable tissue extracts for the microbiological 
determination of amino acids, it was necessary to prevent postmortem 
changes in the tissues. This was accomplished by freezing the tissues 
with solid carbon dioxide immediately after their removal from the body, 
grinding them in the presence of solid carbon dioxide, and then heating the 
tissue rapidly to boiling with dilute acetic acid. Pulverization of the 
tissues in the frozen state, followed by rapid thawing, aided in the disrup- 
tion of the cells and insured completeness of the subsequent extraction in 
the Waring blendor. Further treatment of the samples with ultrasonic 
vibration did not increase the free amino acid values. Moreover, boiling 
the tissues in 0.013 Nn acetic acid did not cause liberation of amino acids 
from protein, since more prolonged boiling did not yield higher results for 
free amino acids. The absence of significant amounts of inhibitory sub- 
stances was demonstrated by the fact that good agreement in values was 
obtained at different assay levels. The data presented in Table I indi- 
cate that the procedure gives consistent results. In particular, the values 
for liver and muscle showed very small variations between animals. 


* This work was supported by grants from the Nutrition Foundation, Inc., and 
the University Research Board of the University of Illinois. 
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Preparation of Tissue Extracts—The animals were stunned by a sharp 
blow on the head and immediately decapitated. The tissues were at once 
removed, blotted with filter paper, and transferred to a vacuum bottle 
containing solid carbon dioxide. The frozen tissues were then weighed, 
transferred to a Wedgewood mortar containing solid carbon dioxide, rubbed 
to a coarse powder with a cooled pestle, and transferred with the solid 
carbon dioxide to a 250 ml. beaker. The beaker was warmed in a water 
bath to expel most of the carbon dioxide and an appropriate volume of 
0.013 N acetic acid was added (10 ml. per gm. of tissue for liver, kidney, 
and spleen, and 5 ml. per gm. for heart and skeletal muscle); the mixture 
was heated rapidly and boiled for 4 minutes with constant stirring. Fol- 
lowing homogenization for 10 minutes in a Waring blendor (250 ml. con- 
tainer), the suspension was again boiled for 4 minutes, diluted to a con- 
venient volume, and filtered through a coarse filter paper. 

To 10 volumes of the filtrate were added 1 volume of 0.6 N sulfuric acid 
and sufficient 10 per cent sodium tungstate to precipitate all of the protein 
from solution. 1 ml. of 10 per cent sodium tungstate was found adequate 
for quantities of tissue extracts representing the following original weights 
of tissues: skeletal muscle 7.5 gm., liver 5.0 gm., kidney 2.0 gm., heart 
muscle 1.0 gm., and spleen 0.8 gm. A slight excess of tungstic acid did 
not interfere with the subsequent microbiological analyses. After stand- 
ing for 15 minutes, the solutions were filtered through Whatman No. 50 
filter paper and adjusted to pH 7.0 with NaOH. For the microbiological 
assay, the extracts were diluted to approximately the following concentra- 
tions: femoral and heart muscle, 60 mg. of original whole tissue per ml.; 
liver, 25 mg. per ml.; and kidney and spleen, 15 mg. per ml. The samples 
were stored in a frozen state under toluene until analyzed. 

For determination of the total non-protein amino acid (TNP') content 
of tissues the following procedure was utilized. To 20 ml. of a concen- 
trated tungstic acid filtrate of the tissue was added 1.0 ml. of concentrated 
HCl, and the solution was autoclaved for 4 hours at 120°. The sample 
was then adjusted to pH 7.0 and diluted to the appropriate concentration 
for microbiological assay. While a certain degree of racemization or de- 
struction for some amino acids cannot be definitely excluded, autoclaving 
L-lysine, L-arginine, L-histidine, pu-leucine, DL-isoleucine, DL-valine, DL- 
threonine, and pi-methionine for 10 hours in twice the concentration of 
HCl used for the TNP analysis resulted in recoveries ranging from 91 to 
110 per cent. 

For amino acid analysis of whole hydrolyzed tissues, 1 to 2 gm. samples 

1TNP refers to the total quantity of each amino acid in hydrolyzed protein- 


free filtrates and includes the ‘‘free’’ form of the amino acid which is microbio- 
logically available before hydrolysis. 
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were weighed accurately into beakers and hydrolyzed by autoclaving in 
20 ml. of 6 N HCl for 10 hours at 120°. The samples were then adjusted 
to pH 7.0 and diluted to a concentration of approximately 0.5 mg. of tissue 
per ml. 

Individual amino acids analyses were performed by the microbiological 
procedures previously described (1, 2), except that acid produced by the 
growth of the organisms was measured by means of a quinhydrone elec- 
trode and the Cannon titration apparatus. Total nitrogen was measured 
by a semimicro-Kjeldahl procedure for which the digestion mixture of 
Campbell and Hanna (3) and the Pregl-Parnas-Wagner micro distillation 
apparatus were used. 


RESULTS AND DISCUSSION 


The results of the analyses of femoral muscle, heart muscle, liver, kid- 
ney, and spleen for their concentrations of free amino acids are presented 
in Table I. Kidney contained larger quantities of free amino acids than 
did the other tissues; this may be related to the ability of the kidney tu- 
bules to reabsorb and concentrate amino acids from the glomerular filtrate. 
Except for histidine, the values for heart muscle were distinctly higher than 
those for femoral muscle. Both, however, contained relatively small 
amounts of amino acids, femoral muscle being especially low in leucine. 
Free histidine was very high in femoral mfiscle and liver compared with 
heart muscle, kidney, and spleen. Probably because of the presence of 
arginase, liver contained proportionally smaller quantities of arginine than 
did the other tissues. It is of interest to note that for some amino acids 
certain much older animals gave higher values than those reported here. 

The results for muscle are, with the exception of threonine, in good 
agreement with those obtained by Schurr e¢ al. (4). For liver and spleen, 
however, the present data are significantly higher than theirs. These 
differences can be accounted for on the basis of variations between groups 
of rats, in the diet, and in the length of time which the rats were fasted. 
Some are possibly due to the differences in procedures by which the tissues 
were prepared. In this laboratory, the frozen tissues were pulverized in 
order to facilitate cellular rupture before boiling and extracting them. 
This was done because higher values were obtained with liver when the 
frozen tissues were pulverized before being boiled and extracted in the 
Waring blendor than when the tissues were boiled without first being pul- 
verized. As has been stated previously, even more prolonged boiling of 
the tissues in 0.013 N acetic acid does not in itself lead to increased amino 
acid values. 

Thorough heating of the tissues immediately following their removal 
from the animal body or from storage in the frozen state may be an impor- 
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tant factor in stopping enzyme action and in obtaining accurate results 


for certain amino acids, e.g. arginine. 


Wiss (5), who did not heat his 


tissues, has reported values for liver arginine which are lower than those 


presented here. 


TaBLeE I 
Concentrations of Free Amino Acids in Rat Tissues 


Each rat was fasted 24 hours prior to being sacrificed. The results are expressed 
in micrograms per gm. Each mean value represents the analyses from a minimum 
of twelve rats, plus or minus the standard error of the mean. 


This is probably due to the activity of arginase in un- 


| Femoral muscle §_ Heart muscle Liver Kidney Spleen 
Amino acid 
_ Mean and range Mean and range Mean and range | Mean and range Mean and range 
Arginine | 64+ 3.1 1052+ 11.0) 4921.8 | 2684+ 18.5, 119+ 8.5 
(52- 81) (89-132) (41- 61) (160-373 ) (83-158 ) 
Histidine 79 + 2.5 31 + 1.0] 122 + 2.9 484+ 2.7| 72+ 18.4 
(67- 91) (29- 32) (96-142) (29- 60) (42- 97) 
Lysine 112 +7.5 161 4 3.6) 159 + 3.7 | 230 + 17.5; 102 + 9.2 
(73-151 ) (155-170) (128-189) (153-367 ) (67-140) 
Methionine 22 + 1.7 35 + 2.1) 69 + 2.0 46+ 2.9! 46 + 16.0 
(15- 32) (31- 40) (58- 80) (27- 73) (19- 84) 
Phenylala- 24 + 1.5 41+ 4.1} 79 + 2.0 | 222+ 14.3) 722 7.9 
nine (17- 32) (33- 50) (69- 89) (146-294 ) (48-112) 
Leucine 36 + 1.7 82 *% 13.0 | 137 + 4.4 | 569 + 4.8; 219 + 14.9 
(28- 41) (56-111) (117-160) (351-752 ) (158-305 ) 
Isoleucine 21 + 0.9 32 4 2.8); 67 + 2.2 | 217 + 16.3; lll + 5.6 
(16- 29) (20- 42) (55- 77) (114-295) (91-143) 
Valine 39 + 2.7 50 + 3.5! 86 + 3.4 | 326 + 20.6 | 198 + 20.0 
(25- 52) (34- 59) (70-104) (210-433 ) (117-279) 
Threonine 67 + 3.3 82+ 4.1; 724 2.8 | 304 + 14.9; 1524 8.9 
(49- 81) (77- 92) (57- 88) (214-400 ) (108-199 ) 
Tryptophan 7+ 0.2 82+ 1.1; 19+ 0.7 44+ 2.9| 3024 1.6 
(6- 7) (3- 13) (14- 22) (27- 67) (22- 41) 
Tyrosine 22 + 1.6 31+ 1.0} 5024 1.8 | 189 + 14.5 | 1385 + 17.0 
(16- 31) (29- 33) (42- 62) (96-188 ) (110-159) 
Cystine 10 + 1.1 16+ 2.5| 5624 2.7 | 255+ 17.0; 40+ 6.9 
(4- 15) (8- 20) (42- 70) (177-312) (26- 61) 
heated liver. The relatively low values obtained by Schurr e¢ al. for 


arginine in liver may also be due to insufficient heat treatment given their 
tissues before homogenization. 

The values obtained for the total non-protein amino acid content of 
femoral muscle, liver, kidney, and spleen are presented in Table II. The 
TNP values were in general only slightly higher than those for the free 
amino acids. Considerable variation was noted in the results obtained 
from different animals. Histidine was, of course, high in muscle. owing 
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to the presence of carnosine. For the remaining amino acids studied, 
muscle showed the smallest changes following hydrolysis of the protein- 
free tissues filtrates. The high peptide value for isoleucine in spleen did 
not appear consistently and cannot be interpreted at this time. 

It is apparent that the quantitative estimation of polypeptides in tissues 
requires that protein present in the tissue extracts be removed completely. 
Hiller and Van Slyke (6) in a thorough study of various protein precipi- 
tants concluded that tungstic acid not only precipitates proteins com- 
pletely but also precipitates the intermediate breakdown products of pro- 
tein in a relatively complete fashion. These authors demonstrated that 
the peptide nitrogen values which were obtained from tungstic acid filtrates 


TABLE II 
Comparison of Free and Total Non-Protein (TNP) Amino Acid Concentrations 
of Rat Tissues 


Each figure represents the mean of the analyses of tissues from eight rats. The 
results are expressed in micrograms per gm. 


Muscle Liver Kidney Spleen 
Amino acid 
Free TNP Free | TNP Free | TNP Free | TNP 
56 61 64 78 | 254 | 260 | 147 
I ss 83 | 310 | 120 | 140 94 127 90 | 112 
72 72 | 154 | 180 | 166 | 211 100 | 150 
Methionine.................. 11 11 40 54 80 SO 26 26 
Phenylalanine............... 38 38 | 142 | 167 | 196 | 204 | 132 | 134 
59 59 | 301 | 329 | 461 | 469 | 339 355 
i ee eg 34 38 | 103 | 126 | 246 | 263 | 177 | 393 
ST et as ees 40 | 51 | 191 | 207 | 355 | 437 | 278 | 323 
64 70 | 132 | 148 | 183 | 233 | 182 203 


remained relatively constant during repeated analyses. We have simi- 
larly obtained consistent results in the measurement of individual amino 
acids following hydrolysis of the tungstic acid filtrates of blood and tissues. 
In addition, we have measured microbiologically the free and combined 
amino acids remaining in the tungstic acid filtrates following prolonged 
dialysis. No evidence was found of the presence of complete proteins in 
these filtrates. However, our results did not exclude the possibility of 
the presence of polypeptides lacking several essential amino acids. A\l- 
though these ‘‘incomplete” polypeptides were not dialyzed completely from 
cellophane sacs after 4 days, the fact that certain microbiologically ‘‘free’’ 
amino acids also did not dialyze from the tungstate filtrates in the same 
period of time prevents one from concluding that the non-dialyzed poly- 
peptides were necessarily of large size. In addition, it was our experience 
that free amino acids dialyzed readily at first and then much more slowly, 
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indicating the possibility that the pores of the cellophane membrane had 
gradually become clogged to some extent in the presence of tungstic acid. 

Although the rat is such a widely used experimental animal, the litera- 
ture contains very little information concerning the amino acid composi- 


TaBLe III 
Concentrations of Amino Acids in Acid-Hydrolyzed Whole Rat Tissues 


Each figure represents the mean of six analyses from tissues of two rats. The 
values are expressed in gm. per 16 gm. of nitrogen. 


Amino acid Muscle Liver Kidney Spleen Heart Plasma 
5.8 5.3 6.9 5.4 5.9 4.9 
7.7 7.0 7.2 6.7 7.1 7.0 
2.5 2.3 2.3 1.2 1.7 1.3 
Phenylalanine................ 4.1 4.8 4.9 4.2 4.2 4.7 
7.9 9.4 9.2 7.8) 8.6 
6.8 6.4 6.2 4.3 6.2 3.9 
6.7 7.8 7.5 6.6 6.7 6.9 
4.2 4.1 4.4 3.5 4.2 4.5 
TABLE IV 


Comparison of Patterns of Free and Total Amino Acids in Rat Tissues and Plasma 


Each amino acid is calculated as the per cent of the total of the nine amino acids 
indicated. The total amino acid values are those of acid-hydrolyzed whole tissue 
and plasma. 


Muscle Liver Kidney Spleen Heart Plasma 
Free |Total! Free Total! Free Total! Free |Total| Free Total! Free |Total 

14 | 12 6) 11 13 ) 14) 12) 13 | 17 13 | 19 | 12 
171 41138 | 41 41 41 61-61 4] 
24/16!) 14; 14! 8} 16) 26) 15 | 25 | 16 
Phenylalanine............. 5| 9; 9; 10) 11 7) 6/11 
| 17} 16; 19} 19) 18 |} 21} 18 | 13; 18} 104 17 
5 | 14 8 | 13 8 | 12 7 10 5) 13 9; 9 
Valine........ | 14) 10), 16) 12) 15) 19 | 16 8 | 14 9 | 16 
15; 8114; 91412] 81138] 91/17) 11 


tion of whole rat tissues. Therefore, the results of the analyses of whole 
plasma and of femoral muscle, heart muscle, liver, kidney, and spleen of 
the rat are presented in Table III. The values are given in terms of gm. 
of amino acid per 16 gm. of nitrogen. These analyses were performed in 
order to make a direct comparison of the amino acid patterns in whole 
tissues with those of the free amino acids in the corresponding tissues. 
The results of Table IV suggest that in general there is little correlation 
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between the patterns of the free amino acids in the tissues and those of 
the corresponding whole tissues. For example, in femoral muscle the pro- 
portion of free histidine is high and the proportions of leucine, isoleucine, 
and valine are low compared to those of the whole tissues. In liver, free 
histidine is also comparatively high, whereas arginine, isoleucine, and val- 
ine are low. The free amino acids of kidney and spleen show fair agree- 
ment with the patterns of the respective whole tissues, except that free 
lysine is low in spleen. Free amino acids of heart tissue show the same 
relationship to the total tissue pattern as does femoral muscle, except that 
its free histidine content is much lower. 

As has been previously shown for man, there is for the rat no close re- 
lationship between the free amino acid composition of blood plasma and 
the composition of hydrolyzed whole plasma (2). The pattern for free 
amino acids of plasma showed no similarity to that for the free amino 
acids of liver, kidney, or spleen, but other than for free histidine there was 
a similarity in the pattern for free amino acids between plasma and fem- 
oral muscle. On the basis of analyses for free amino acid nitrogen, Van 
Slyke and Meyer (7) suggested that an equilibrium exists between the free 
amino acids of plasma and those of tissues. It appears, however, from the 
data presented in this paper that if such an equilibrium does exist it is 
not for the total amino acids as a group, but for each amino acid as an 
individual, although not necessarily as an independent one. 


SUMMARY 


Procedures are described for the microbiological determination of free 
amino acids in animal tissues. The results of analyses of femoral and 
heart muscle, liver, kidney, and spleen for twelve individual amino acids 
are presented. | 

Data are given for individual amino acids following hydrolysis of pro- 
tein-free tissue extracts. In addition, results are reported for the amino 
acid analyses of the whole tissues after their acid hydrolysis. 


The authors express their appreciation to Mrs. Miriam Quetsch and to 
Miss Mary Jane Firszt for their technical assistance. 
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A NEW PROCEDURE FOR FRACTIONATION OF MIXTURES BY 
SOLVENT DISTRIBUTION* 
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Center, Beltsville, Maryland) 
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The value of systematic distribution between immiscible solvents for the 
resolution of mixtures has long been recognized, but it was not until the 
work of Craig (1) that its full potentialities were appreciated. With the 
development of an apparatus for carrying out a large number of simultan- 
eous distributions between immiscible solvents, Craig and Post (2) intro- 
duced a new and very effective analytical tool to organic chemists and 
biochemists. The application of their so called counter-current techniques 
to chemical problems has led to a closer realization of the goal of absolute 
chemical purity and has accounted for the separation and identification of 
the components of many mixtures. The use of the Craig apparatus, how- 
ever, has been somewhat limited because the cost has been prohibitive to 
many laboratories. 

In the course of investigations on natural plant growth regulators in this 
laboratory, a simple automatic solvent distribution apparatus operating on 
a principle different from that of the Craig apparatus has been devised for 
use in large scale fractionation procedures. Because the apparatus is inex- 
pensive and requires little attention during the distribution, it should prove 
to be very useful in the isolation and purification of biological materials. 
The design is novel in that equilibration of the solute between immiscible 
solvents is achieved without any mechanical agitation. 


Theory and Design of Apparatus 


The method consists of a series of liquid-liquid extractions in which one 
phase flows continuously, in a finely dispersed state, through successive 
stationary aliquots of the second phase, as shown in Fig. 1. 

It should be noted that this type of solvent distribution differs markedly 
from the counter-current distribution procedure developed by Craig. In 
the Craig procedure, a finite volume of one phase is equilibrated with a 
finite volume of the second phase containing the solute. Each layer is then 
reequilibrated with fresh portions of the solvent pair and the whole process 


* Report of a study made under the Research and Marketing Act of 1946. A 
preliminary report was presented at the meeting of the American Society of Bio- 
logical Chemists, Atlantic City, New Jersey, April 17-21. 1950 (Federation Proc., 9, 
189 (1950)). 
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is repeated many times. This has been called counter-current distribution 
by Craig, but the phases do not actually move in opposite directions. In- 
stead, one phase moves past the other so that each fraction of the station- 
ary phase is equilibrated successively with every fraction of the moving 
phase. True counter-current distribution carried out in discontinuous 
stages has been used by Martin and Synge (3) in separating acetyl amino 
acids and also by O’Keeffe, Dolliver, and Stiller (4) for separation of the 
streptomycins. All of these procedures, including the one described here, 
are fundamentally different from the continuous counter-current extraction 
methods used commercially and possess the advantage of more precise 
mathematical interpretations than the continuous procedures allow. 

The distribution described in the present paper cannot be considered a 


=> 


Fic. 1. Diagram of the multiple distribution apparatus. Style A, fritted disks; 
Style B, glass woo] plugs. 


‘““counter-current distribution” in the same sense as the Craig procedure. 
Because of the different extraction conditions and the different mathemat- 
ical interpretations, there is a definite advantage to be gained by using a 
different name. Consequently, it has been suggested that the present 
method be termed a ‘‘cascade distribution process.’”! 

Theoretical Considerations—The mathematical description? of the be- 
havior of the apparatus is based primarily on three important assumptions: 
(a) that there is complete equilibration (or a constant fraction thereof) of 
the solute between the two phases as the droplets pass through each tube; 


1 This suggestion was made by Mr. J. 8. Ard of this Laboratory. Justification 
for the name is found in Webster’s International Dictionary: ‘‘Casecade: ...3. An 
arrangement of the parts of an apparatus so that fluid passes, or is conceived to pass, 
from one to another, down the series.”’ 

2 The authors are indebted to Mr. J. A. Kies of the Naval Research Laboratory 
for the mathematical derivation and for valuable advice and assistance in the inter- 
pretation of the data. 
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(b) that the mobile phase is removed continuously, leaving only an insig- 
nificant amount in contact with the stationary phase in each tube; and (c) 
that there is at all times rapid equalization of the solute concentration 
throughout each aliquot of stationary phase. The data to be discussed 
show that these assumptions are well justified with the apparatus used. 

If one considers the simple case in which 1 volume of the stationary 
phase (containing solute) is extracted continuously with finely dispersed 
mobile phase, the quantity of solute picked up (—dQ) by a droplet of vol- 
ume, dv, passing through volume J, is described by the expression 


—dQ = QKdv/V (1) 
where Q is the quantity of solute uniformly distributed in the stationary 


phase at any instant and K is the distribution coefficient. 
By integrating Equation 1, we obtain 
Q = Qe Xl" (2) 
where Qo is the quantity of solute originally present and v is the total vol- 
ume of mobile phase. 

If the mobile phase then passes through a series of n tubes, each contain- 
ing a volume of stationary phase equal to the one just described, an expres- 
sion for the quantity of solute in each tube can be derived as follows: 
Iquation 1 gives the amount of solute entering the second tube (—dQ,) at 
the instant when Q, is the amount of solute in the first tube. Q, is defined 
in terms of Qo as shown in Equation 2. The quantity of solute in the sec- 


ond tube is initially 0 but later is Qo. The net transfer of solute from the 
mobile phase to Tube 2 is dQe and thus 


= (Kdv/V) — Q:Kdv/V (3) 
By integrating Equation 3 between the limits 0 and v, we obtain 
= (4) 
Similarly for the third tube, 
dQs = (Kdv/V) — Q3Kdv/V (5) 
and 


Qs (6) 


It follows that the general expression for the nth tube is 


Qo(Kv/V) 


In order to simplify the expression, the tube initially containing all the 
solute is numbered zero and Q, is redefined as the fraction of solute per 


Qn 
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tube; z.e., Q@ = 1. Equation 7 then becomes 


n! 


Qn 


(8) 


Equation 8 is the well known Poisson exponential distribution equation 
which is widely used in statistics and engineering. Although the form of 
the equation is identical, the derivation is entirely different from Poisson’s 
original derivation. The equation, as originally stated, gives the proba- 
bility of an event happening x times in n trials if the probability of the 
event happening in a single trial is p, provided the product, np = a, is kept 
constant. Equation 8 is not an approximation but is the exact expression 
of the ideal case.’ 
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Fic. 2. Comparison of theoretical distribution curves for solute with distribution 
coefficient 0.7. Twenty-four tube binomial expansion distribution, x; fourteen 
tube Poisson distribution, ©; seven tube Poisson distribution plus seven fractions 
of mobile phase, A (v/V = 9). Data for the binomial distribution taken from Wil- 
liamson and Craig (7) and for the Poisson distribution from Molina (8). 


FRACTION OF SOLUTE 


In spite of the different mathematical treatment, a distribution pattern 
similar to the binomial expansion pattern is obtained with the ‘‘cascade’”’ 
apparatus by proper choice of solvent ratio and number of tubes. For 
instance, as shown in Fig. 2, the theoretical curves for the two procedures 
are essentially the same for a solute (K = 0.7) distributed in a twenty-four 
tube Craig apparatus or a fourteen tube “cascade” apparatus with a vol- 


3 After this paper was submitted for publication, a recent article by Johnson (5) 
on a similar distribution procedure was brought to the authors’ attention. In the 
paper cited, the mathematical derivation was based on assumptions comparable to 
the ones discussed above and the equation derived was of the same general form (the 
Poisson exponential distribution formula). However, the apparatus proposed by 
Johnson and Talbot (6) for such a distribution is much more complicated than the 
present one. 
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ume ratio (v/V) of 9. Actually, one need use only seven tubes and collect 
seven equal aliquots of the mobile phase as it is removed from the last tube; 
1.e., the effective length of a series can be extended considerably by collect- 
ing fractions of the mobile phase as it leaves the last tube in the series. 
These fractions have been referred to as “imaginary tubes’”’ by Stene, and 
he has discussed the process in detail in an article on the theory of system- 
atic extraction (9). Craig (1) has also utilized this means of extending the 
length of a series in the binomial distribution. The mathematical inter- 
pretation of his “single withdrawal” technique is discussed in detail in 
“Technique of organic chemistry” (1). Because of the wide spread appli- 
cation of the Poisson distribution to problems in industrial inspection, 
values for the ‘‘imaginary tubes’’ as well as for the stationary tubes in the 
cascade procedure may be found in published tables. Molina (8) has pub- 
lished such a compilation, and all of the data necessary for drawing theo- 
retical curves are available in this reference. From the tables it is possible 
to determine how many tubes are required and what volume of upper layer 
is necessary to achieve any degree of separation of two or more compounds 
of known distribution coefficients. 

Even without the tables one can easily calculate from Equation 8 and the 
properties of its standard deviation the conditions required for a separation 
of two compounds, A and B, into fractions containing approximately 84 
per cent of Compound A and 16 per cent of Compound B and vice versa. 
The distance of the mean from the origin, which coincides with the position 
of the maximum in this distribution, is Kv/V and the standard deviation, 
o,is~/Kv/V. Thevolumeratio should be adjusted so that the distribution 
curves of Compounds A and B will fulfill the following requirements. 


Kav/V + VWK,v/V = Kw/V — VW Kyv/V (9) 


Once the values of K, and K;, are defined, only one value of v/V will satisfy 
Equation 9. If K, = 1 and K, = 2, Equation 9 becomes 

o/V + Vo/V = 2v/V — V20/V (10) 
and v/V is found to be equal to 5.76, the volume ratio required for the de- 
sired separation of Solutes A and B. For economy of tubes and solvent, 
the series need only be long enough to retain 84 per cent of Compound A 
and 16 per cent of Compound B, as shown in Fig. 3. The remainder of the 
two solutes will pass through the tubes into the upper layer. Kw/V + 
V K,v/V is equal to the number of tubes required for the separation, and, 
if one substitutes the values given above for K, and v/V, the number of 
tubes is found to be eight. Actually, greater separation can be accom- 
plished by fractionating the mobile phase as it is removed from the last 
tube. The degree of separation possible when the effluent is divided into 
eight equal portions is shown in Table I. Any two solutes may be sepa- 
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predicting separations from the standard deviations of the distribution curves. 


TABLE I 


Separation of Compounds A and B by Distribution in Eight Tube ‘‘Cascade”’ 
A pparatus* 


Illustration of the method for 


| Purity of combined fractionst 


Fraction Compound A (K = 1) | Compound B (K = 2) | 
| Compound A | Compound B 
per cent per cent per cent per cent 
Tube 0 0.2) | (0) 
1 1.5 | (0) 
2 4.5 (0) 
ee 3 8.9)60.7 0.2) 4.5 93 7 
4 13.4) 
5 16.1 1.3 
6 16.1 2.5 
én 7 13.8 4.4 
‘in g 10.3 24.1 6.6 11.0 69 31 
Effluent 8 7.1 12.5) 
- 3 ne 27 73 
6 2.6 20.6 
5 1.0 18.5 
sy 4 0.4 11.3 
v 3 (0) 4.0 26 54.4 7 93 
(0) | 0.4 
(0) (0) 


* Figures taken from Molina (8). 


This separation is somewhat better than would 


be achieved in a twenty-four tube Craig apparatus; with the latter, 43.5 per cent 
of Compound A would be obtained in a purity of 94 per cent and 42.3 per cent of 


Compound BE in a purity of 92 per cent. 


t Calculated on the basis of equal amounts of Compounds A and B in the orig- 
inal sample. 
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rated in this manner, an increasing number of tubes being required as the 
distribution coefficients approach one another more closely. 

A pparatus—The apparatus is shown schematically in Fig. 1. The tubes 
are filled with the heavier member of an equilibrated solvent pair and the 
lighter layer is permitted to flow continuously into the entry tube of the 
first unit (Tube 0) which contains the solute dissolved in an aliquot of 
heavy layer. The mobile phase enters the tube from below and is dis- 
persed by means of a fritted disk or a glass wool plug. The drop- 
lets ascend through the stationary phase and overflow into the next tube. 
Any number of units may be used, and the volume of the upper layer may 
be varied at will, depending on the particular distribution conditions de- 


Fic. 4. Design of apparatus for continuously extracting the lighter member of a 
solvent pair with the heavier liquid. 


sired. As stated above, the effective length of the series may be increased 
by fractionating the upper layer as it is removed from the last tube. An 
automatic fraction collector has been found to be very useful in connection 
with the apparatus. 

The tubes in use at present are 18 and 25 cm. long (measured from the 
bottom of the tube to the overflow). The number of tubes possible is 
limited only by the height of the supporting column. For the 18 cm. tubes, 
the height of the entry tube above the side arm is8 cm. An 11 foot sup- 
port will hold twenty-five tubes plus suitable containers at the top and 
bottom of the series for the mobile phase before and after it has passed 
through the series. The entry tubes for the 25 cm. tubes are correspond- 
ingly longer and only fifteen of these can be accommodated on the support. 
The volume of the tubes can be made greater by merely increasing the 
diameter, with a corresponding increase in the area of dispersion. 
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Either fritted disks (Style A) or glass wool plugs* (Style B), as shown in 
Fig. 1, are satisfactory dispersing media. Fritted disks may also be incor- 
porated in Style B, if it is desired. The glass wool is less expensive and is 
easily replaced, thus obviating the necessity for rigorous cleaning. 

For certain distributions, it may be desirable to utilize the lighter liquid 
for the stationary phase and pass the heavier liquid continuously through 
the lighter phase. A tube of the design shown in Fig. 4 may be used for 
this purpose. The dispersion behavior of various solvent pairs in this 
tube has been observed, although an actual distribution has not been car- 
ried out. The same mathematical considerations would apply, except that 
1/K would have to be substituted for AK in Equation 8. 
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TUBE NUMBER 
Fic. 5. Distribution of acetic acid by the cascade procedure. A = 0.37. Solvent 
pair made up of equal parts of ethyl acetate, cyclohexane, ethyl alcohol, and water. 
Solid line, experimental data; broken line, theoretical data. 


EXPERIMENTAL 


Distribution of Acetic Acid, Solute Remaining in Tubes—The solvent 
pair used in this experiment consisted of an equilibrated mixture of equal 
parts cyclohexane, ethyl acetate, ethyl alcohol, and water. Glass wool 
dispersion units were used. The first tube (Tube 0) was filled with a solu- 
tion of 1 ml. of glacial acetic acid in 95 ml. of the heavy phase. Into each 
of the remaining tubes 95 ml. of the heavier solvent were introduced. The 
lighter solvent was delivered slowly at a uniform rate (about 300 ml. per 
hour) into the first dispersing unit until 900 ml. had been collected from 
the run off of the last tube. Aliquots of each tube were titrated with ap- 
proximately 0.05 Nn NaOH, and the fraction of solute per tube was calcula- 
ted from these titrations and the titration of the original sample. These 
data are represented by the solid line in Fig. 5. The theoretical curve 

*A small tuft of glass wool is packed loosely in the bulb of the tube. If the dis- 


persion is not good in a trial run with pure solvents, the plug may be tamped down 
with a glass rod. Usually this is all the adjustment that is required. 
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(broken line) was taken from Molina (8), based on a value of 3.5 for Kv/V, 
which is equal to “fa” in his Table I. This value for Kv/V was determined 
from the observed solute concentrations near the peak of the curve and the 
relationship 


Qn Kv/V 
n (11) 
Therefore, 
Kv/V =n Qn (12) 


By calculating Kv/V from each of the experimental points in succession, 
one can determine easily whether or not the distribution has been success- 


TaBLe II 
Separation of Benzoic and B-Naphthoic Acids in Multiple Distribution Apparatus* 


Fraction (K | 
mg. mg. 
Tubes 1-4 97 (0) 
“ 5-7 225 0) 
Tube 8 76 23 
Effluent, Ist 500 ml. (0) 3 
- next 1500 ml. (0) 793 
- last 800 ml. 163 189 


* Solvents, benzene, 5 parts; n-hexane, 5 parts; methanol, 8 parts; water, 2 parts. 


ful; too great a spread in values is proof of the fact that equilibrium condi- 
tions have not been attained. An approximate value for Kv/V is obtained 
directly from the position of the peak. Identical results were ‘obtained 
when this distribution was carried out in the larger tubes (150 ml. volume) 
with fritted disks as the dispersing agents. 

Separation of Benzoic and 8-Naphthoic Acids, and Use of ‘“Imaginary”’ 
Tubes in Distribution—The effectiveness of the apparatus in the separation 
of solutes is illustrated in Table II. Benzoic and 8-naphthoie acids were 
chosen for this study because their distribution coefficients differed by a 
factor of 2, thus affording the possibility of a reasonable separation in a 
relatively short series of tubes. Although only nine tubes were used (eight 
plus the zero tube) the effective length of the series was increased 
to twenty-three by the use of a large volume of mobile phase. 

The distribution behavior of the two acids was determined experimen- 
tally by weight, titration, and ultraviolet absorption. Theoretical and 
experimental data for each solute are summarized in Figs. 6 and 7. The 
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percentage of 6-naphthoic acid in each sample was determined spectro- 
photometrically and the benzoic acid values were obtained by weight dif- 
ference. The titration data merely served to confirm the other data. The 
solutions for the standard spectrophotometric curves were made up of 
weighed amounts of Fraction 4 of the upper layer, the purest 8-naphthoic 
acid available, and the contents of Tube 4, which was the best fraction of 
benzoic acid. 


iool 
901 
0.16 | gol 
014 70} 
2 
O10 O50} 
a 
0.08 40} 
S 006 30} 
0041 20} BENZOIC, 
-NAPHTHOIG 
4 
TUBE NUMBER VOL OF UGHTER PHASE - LITERS 
Fia. 6 Fic. 7 


Fic. 6. Distribution of benzoic and 8-naphthoic acids; fraction of solutes remain- 
ing in the stationary tubes. A (benzoic acid) = 0.25; K (8-naphthoic acid) = 0.5. 
Composition of solvent pair givenin Table II. Solid line, experimental data; broken 
line, theoretical data. 


Fic. 7. Distribution of benzoic and 8-naphthoic acids; accumulation of solutes 
in the lighter phase. Solid line, experimental data; broken line, theoretical data. 
Experimental conditions the same as for Fig. 6. 


The theoretical data for the effluent fractions were obtained from Table 
II of Molina (8) as follows: When the last fraction of mobile phase had 
been collected, v/V was 2750/95 and Kv/V for benzoic acid was found to 
be 7.2 (calculated from the peak values as described previously). There- 
fore K (benzoic acid) was 0.25. After the first fraction was collected Kv/V 
was (0.25 & 500)/95, or 1.3. In Molina’s Table IT, the accumulation of all 
the terms of the distribution beyond the eighth term (7.e., the ninth term) 
for this value of a was found to be negligible. After 1 liter of upper layer 
had been collected, Kv/V was 2.6 and the ninth term (a = 2.6) was 0.15 
per cent. This process was repeated for each fraction of upper layer. [s- 
sentially the same procedure was used to obtain the theoretical data for 


- 
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8-naphthoie acid except that Kv/V for this compound could not be deter- 
mined from the peak values. When v/V was 2750/95, 95.6 per cent of the 
8-naphthoie acid had accumulated in the effluent fractions. In Table II 
(8) the ninth term of a = 14.7 was 95.6 and, therefore, K = 0.5 (since 
a = Kov/V),. 

This value of K(6-naphthoic acid) is higher than the value of 0.391 found 
by Craig (1) for 6-naphthoie acid in the same solvent pair. It is well 
known that the distribution coefficients of solutes are extremely sensitive 
to small variations in solvent composition, and the use of solvents from 
different sources could easily account for this discrepancy. 

There are several possible explanations for the experimental deviations 


_ from the theoretical curves in Figs. 6 and 7. The greatest discrepancy 


between theoretical and experimental values occurred in the fractions con- 
taining very small amounts of benzoic acid. This was not surprising, since 
the analytical method was not sufficiently sensitive for benzoic acid in the 
presence of large amounts of 8-naphthoic acid. In addition, the solutes 
were not absolutely pure. Tubes 0 and 1 contained, besides benzoic acid, 
a substance insoluble in ethyl alcohol which had an abnormally low 
titration-weight ratio. Another source of error was the variation in tube 
volume, which amounted to as much as 5 per cent for some of the tubes. 
This caused the retention of variable amounts of upper layer in the tubes, 
which was not accounted for in the calculations. For more precise work 
the tube volumes should be as uniform as possible. For isolation work, in 
which the active component occurs in extremely low concentrations, this 
is obviously not an important consideration. 

The apparatus has been used successfully in the fractionation of plant 
extracts for various biologically active materials. Fractions, 60 y of which 
are required for stimulation of plant growth, have been purified by this 
technique (10) until they showed activity in amounts as low as 0.1 to 1.0 y. 


DISCUSSION 


In order to achieve theoretical or nearly theoretical results for any dis- 
tribution, many factors must be considered. It has been impossible to 
study all of these in detail during the short time the apparatus has been in 
use. Many problems have been solved empirically and the over-all re- 
sults have been satisfactory for the distributions studied. Obviously, 
every fractionation offers individual problems which must be solved as 
they arise. The results to date have been sufficiently satisfactory to indi- 
cate that most, if not all, of these problems will be amenable to solution. 

Considerable thought has been given to the possibility of predicting op- 
timum conditions for the distribution of a given solute. The rate of mo- 
lecular diffusion for a solute in a given solvent pair is an inherent property 


) 
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that cannot be changed experimentally. However, the length of time the 
two liquids are in contact can be varied, because this depends on the drop 
velocity and the length of the tube. The drop velocity, which is defined 
by Lamb’s modification of Stokes’ law (11), is proportional to the difference 
in densities of the two phases and also to the size of the droplet 


p—p) (n+7’) 
(2n + 3n’) 


where a is the radius of the droplet, g is the gravitational acceleration, p 
and p’ are the densities of the stationary phase and the mobile phase, and 7 
and 7’ are the viscosities of the stationary phase and the mobile phase. Thus 
the finer dispersions provide a longer time of contact as well as a larger sur- 
face for solute distribution. Of even greater importance to the extent of 
solute distribution is the factor of frictional drag on the droplet responsible 
for creating convection currents in the interior of the drop. The circula- 
tion within the droplet is of considerable magnitude and it can be shown 
that the thoroughness of internal mixing is proportional to the length of 
the path of rise and inversely proportional to the diameter of the droplet 
(for any given velocity). A theoretical discussion of this phenomenon is 
found in Lamb’s text on hydrodynamics previously mentioned. Sherwood, 
Evans, and Longcor (12) investigated the problem of liquid-liquid extrac- 
tion from single drops experimentally and found that the solute was trans- 
ferred much more rapidly than could be predicted from molecular diffusion 
alone.® 

When the matter of solute distribution is considered from all angles, 
one concludes that the finest dispersion possible is the most desirable. Un- 
fortunately there are certain experimental limitations on the fineness of the 
dispersion because of the high resistance to liquid flow offered by fritted 
disks of low porosity. The limit of dispersion required could be deter- 
mined, though somewhat laboriously, with fritted disks of graduated poros- 
ities. In the experiments described, this was unnecessary, since nearly 
theoretical results were obtained with the dispersing units first tried. The 
disks used in Style A tubes were very coarse disks of variable porosity. It 
is estimated that the pore size was approximately 100 to 200 u. 

The fineness of dispersion depends, to a certain extent, on the physical 
characteristics of the solvent pair as well as on the dispersing device. Dis- 
tributions with certain solvent pairs, notably water-chloroform, water- 
benzene, and water-butanol, may prove to be unsatisfactory because of the 
failure of the lighter phase to disperse properly, regardless of the dispersing 


V = 2/3a’g (13) 


®’ This fact must have been ignored or its full potentialities not realized in many 
studies of liquid-liquid extraction. 
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device used. Fortunately, there are many available combinations of 
solvents that do disperse easily and therefore this is no great drawback in 
the use of the apparatus. If it is necessary to use a solvent combination 
which does not disperse well, the dispersion may be improved by the addi- 
tion of small amounts of detergent to the aqueous phase. 

Another important factor in solute equilibration is the tube length, which 
can be increased within reasonable limits to improve equilibration condi- 
tions. It is possible that the apparatus could be made somewhat more 
compact by introducing a spiral baffle in the tubes to increase the path of 
travel of the droplets, but the turbulence created by the droplets rising 
freely through the column of liquid might be depressed so greatly that no 
advantage would be gained by this manipulation. 

Proper tube proportions will also depend on the relative densities of the 
phases. If the difference in densities is great, the entry tube will have to 
be lengthened to take care of the increased liquid head required to force 
the lighter phase through the system. For most distributions, an entry 
tube 50 per cent longer than the height of the heavier liquid in the tube is 
satisfactory. 

The volume of stationary phase in the tubes should be uniform through- 
out the series and should be adjusted so that a minimum amount of mobile 
phase is retained in each tube. 

The rate of flow may be fairly rapid but should not be rapid enough to 
cause excessive washing over of the stationary phase from one tube to the 
next. Flow rates varying from 250 to 500 ml. per hour have been found 
satisfactory. It should be noted that the term “rate of flow” used here 
refers to the rate of entry of the lighter phase, rather than to the velocity 
of rise of the individual droplets. The latter is dependent upon the rela- 
tive densities of the two phases and the size of the droplets, and is inde- 
pendent of the over-ail rate of flow of the lighter phase through the ap- 
paratus. ‘The more rapidly the lighter phase enters the tubes, the more 
numerous are the droplets formed per unit time at the fritted disks. 

Solvent airs made up of mixtures of three or more components usually 
disperse more satisfactorily than mixtures of water and one organic sol- 
vent. These mixtures possess a further advantage in that the distribution 
coefficients oi solutes may be adjusted by merely altering the relative 
proportions of the constituents; e.g., in equal parts of ethyl acetate, cvelo- 
hexane, ethyl alcohol, and water, A (benzoic acid) is equal to 2.4. If the 
proportions of solvents are changed to 1 part of ethyl acetate, 3 parts of 
cyclohexane, 2 parts of ethyl alcohol, and 2 parts of water, the distribution 
coefficient is decreased to about 1. 

Although the apparatus was designed primarily to handle large quan- 
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tities of material with a minimum of labor, it is believed to be adaptable 
for very precise analytical work on a micro or semimicro scale if the neces- 
sary time and effort are expended to determine the various sources of error. 


SUMMARY 


A new procedure for the fractionation of mixtures by distribution be- 
tween immiscible solvents has been described. The method involves a 
series of liquid-liquid extractions in which one phase flows continuously 
through successive stationary aliquots of the second phase. 

Factors affecting solute distribution between the mobile (dispersed) 
phase and the stationary phase have been discussed. Distribution of a 
solute between immiscible liquids under these conditions is much more 
rapid than would be expected from molecular diffusion alone. This is not 
surprising in view of theoretical considerations of circulation within the 
drop brought about by frictional drag on the surface of the moving drop- 
let. At the same time convection currents in the external liquid also aid 
in establishing equilibrium conditions. 

The mathematical expression for the distribution of a solute by the pro- 
cedure described is based on the assumption that complete solute equili- 
bration is achieved between the droplets of mobile phase and the stationary 
phase in each tube. This expression is the Poisson exponential equation. 
The data show that the assumption of solute equilibration is well justified. 

The apparatus has been used successfully in the purification of plant 
extracts and is proposed as a useful laboratory tool for all types of bio- 
chemical fractionations in which solvent distribution appears feasible. 
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STUDIES ON THE ROLE OF CYSTEINE IN THE ACTIVATION 
OF FOLIC ACID CONJUGASE* 
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(From the Agricultural Experiment Station and the School of Nutrition, Cornell 
University, Ithaca, New York) 


(Received for publication, November 9, 1950) 


Numerous studies have established the fact that folic acid occurs in na- 
ture largely in combined form, conjugated with glutamic acid. Hutchings 
et al. (1) have shown the existence, in a fermentation product, of a diglu- 
tamyl conjugate of folic acid, while Pfiffner e¢ al. (2) demonstrated that 
much of the folic acid in yeast and many other natural materials is present 
as a hexaglutamyl conjugate. Mims eé al. (3) discovered that rat liver 
contains an enzyme capable of hydrolyzing these conjugates, thereby re- 
leasing folic acid. Subsequently, others have found folie acid conjugases 
to be present in hog kidney (4), chick pancreas (5), and other tissues. 

In studies with the conjugase of hog kidney, Mims, Swendseid, and 
Bird (6) found this enzyme to be inhibited by compounds which combine 
with the sulfhydryl group. Since this inhibition could be overcome by the 
addition of cysteine to the enzyme system, these workers concluded that 
the conjugase of hog kidney contains an active sulfhydryl group. 

The purpose of the present report is to present evidence indicating that 
cysteine is the specific donor of the sulfhydryl group required for activa- 
tion of the folic acid conjugase of hog kidney and to present a possible 
mechanism through which this reaction occurs. 


EXPERIMENTAL 


Preparation of Hog Kidney Enzyme—Hog kidneys were obtained from 
freshly slaughtered hogs and kept frozen until needed. For each study, a 
2 gm. slice of kidney was homogenized in a Waring blendor with sufficient 
distilled water to produce a suspension containing 50 mg. of hog kidney 
per ml. This suspension was centrifuged for 20 minutes at 3000 r.p.m. 
and the clarified enzyme solution was used directly. 

Incubation Procedure—To flasks containing 1 y of purified pteroylhexa- 
glutamylglutamic acid (PHGA)! was added, unless otherwise specified, hog 


* This work was aided by grants to Cornell University by the Cerophyl Labora- 
tories, Inc., Kansas City, Missouri, and the Nutrition Foundation, Inc., New York. 
The work was conducted in the Nutrition Laboratories of the Department of Poultry 
Husbandry. 

1 Kindly supplied by Dr. J. J. Pfiffner of Parke Davis and Company, Detroit, 
Michigan. 
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kidney conjugase at a level equivalent to 2 mg. of hog kidney. Other ma- 
terials, if any, were then added and the mixture was made to a volume of 
50 ml. with 0.06 m acetate buffer at pH 4.5. The mixtures were incubated 
at 40° under toluene overnight, unless otherwise specified, after which they 
were steamed for 5 minutes, cooled, and diluted to 1 liter for assay. 

Determination of Folic Acid—Folic acid (PGA) was determined by the 
method of Luckey, Briggs, and Elvehjem (7) with Streptococcus faecalis R 
as the test organism. The medium was modified as described by Daniel, 
Scott, Norris, and Heuser (8). Synthetic folic acid was used as the 
standard. 

Activation of Hog Kidney Conjugase by Cysteine—In order to determine 
whether hog kidney conjugase requires cysteine for activation in the ab- 
sence of added inhibitors, an experiment was conducted in which various 


TABLE I 
Effect of Cysteine on Release of Folic Acid from Its Hexaglutamyl Conjugate by Hog 
Kidney 
Folic acid released 
Kidney 
No cysteine | 0.04 m cysteine 
mg. per cent per cent 
1 0 | 58 
3 20 70 
5 36 82 
50 100 
10 78 | 100 


levels of the enzyme solution were incubated with PHGA in the presence 
and absence of 0.04 m cysteine. 

The results of the study, presented in Table I, show that cysteine has a 
marked effect upon the activity of hog kidney conjugase in the absence of 
added inhibitors. These results, however, do not preclude the possibility 
that natural inhibitors may have been present in the enzyme preparation. 

Effect of Reducing Agents—Since Mims ei al. (6) found that the effect of 
added inhibitors could be overcome not only by cysteine but by other re- 
ducing agents as well, an experiment was undertaken to determine the ef- 
fect of reducing agents upon hog kidney conjugase in the absence of added 
inhibitors. The results of this experiment are presented in Table IT. 

These results again show the marked activation of the conjugase by cys- 
teine. Homocysteine? also produced some activation, but to a lesser extent 
than that produced by cysteine. On the other hand, none of the other re- 
ducing agents were effective in activating the enzyme. 

2 Kindly supplied by Dr. V. du Vigneaud, Cornell University Medical College, 
New York. 
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Studies with Cysteine and Sodium Thioglycolate—Fromageot et al. (9) in 
1939 reported the existence of an enzyme, cysteine desulfhydrase, which 
removes HS from cysteine but not from glutathione, and which is compet- 
itively inhibited by sodium thioglycolate. 

An experiment was conducted to determine whether cysteine desulfhy- 
drase is involved in the activation of the conjugase by cysteine. This was 
done by incubating PHGA with various levels of cysteine and sodium thio- 
glycolate. The results of this study, presented in Table III, show that 


TABLE II 


Comparison of Effect of Ascorbic Acid, Glutathione, and Homocysteine with Cysteine 
in Activation of Hog Kidney Conjugase 


Folic acid released 
Concentration 
Cysteine Ascorbic acid | Glutathione | Homocysteine 
M per cent per cent per cent | per cent 
22 22 22 22 
0.002 60 26 22 
0.005 75 26 | 24 52 
0.010 100 20 | 13 60 
TABLE III 
Effect of Sodium Thioglycolate on Activation of Hog Kidney by Cysteine 
mg. mg. per cent mg. | me. | per cent 
0 0 0 10 50 100 
0 10 20 25 10 24 
0 20 100 | 25 25 | 69 
10 10 81 
10 | 20 26 | 25 | 100 | 100 


an increased level of cysteine is required to activate completely the conju- 
gase when sodium thioglycolate is present in the system. 

As the level of sodium thioglycolate is increased, the amount of cysteine 
required for complete activation is also increased, showing that the inhibi- 
tion is competitive. These results indicate, therefore, that the activation 
of folic acid conjugase may be related to the activity of cysteine desulfhy- 
drase. 

Comparative Activity of Cysteine and Hydrogen Sulfide—lf the activation 
of the conjugase is due to hydrogen sulfide released from cysteine by cys- 
teine desulfhydrase, hydrogen sulfide should be a more efficient activator 
of the conjugase than cysteine. 

In order to determine whether this is the case, an experiment was con- 
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ducted with equimolar levels of cysteine and hydrogen sulfide in which an 
incubation time of 4 hours was compared with that of 24 hours. The re- 
sults of the study are presented in Table IV. It is evident from these 
results that hydrogen sulfide is not as effective as cysteine in activation of 
the conjugase. While hydrogen sulfide produced a release of 50 per cent 
of the folic acid in 24 hours, an equivalent release was obtained with cys- 
teine in only 4 hours. This indicates that cysteine is the primary activator 
of the conjugase. 


TABLE IV 


Effect of Cysteine and Hydrogen Sulfide on Release of Folic Acid by Hog 
Kidney Conjugase 


Folic acid released 
4 hrs. 24 hrs. 
per cent per cent 
2 + cysteine, 0.010 mM......... 50 100 
TABLE V 
Effect of Sodium Thioglycolate on Activation of Hog Kidney Conjugase by Cysteine 
and HS 
Kidney, 2 mg. plus Folic acid released 
M per cen! 
25 
0.010 + sodium thioglycollate, 0.003............ 9 
Hy sulfide, 0.010.. 92 
0.010 0. 003. 8 


Effect of Sodium Thioglycolate wpon Activity of Hydrogen Sulfide—To 
demonstrate further that hydrogen sulfide is not the primary activator of 
the conjugase, experiments were conducted to determine the effect of so- 
dium thioglycolate upon the activation by hydrogen sulfide. If hydrogen 
sulfide is the primary activator of the enzyme, sodium thioglycolate should 
be without effect upon this activation because sodium thioglycolate inhib- 
its only the activity of cysteine desulfhydrase. 

The results of the first study, presented in Table V, show that sodium 
thioglycolate is as effective in inhibiting the activation by hydrogen sulfide 
as by cysteine. The results of a second experiment, presented in Table 
VI, show that cysteine was capable of completely activating the conjugase 
in the presence of sodium thioglycolate, while hydrogen sulfide at the lev- 
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els used was not. These results further demonstrate that hydrogen sul- 
fide is not the primary activator of the conjugase. 

Evidence Concerning Réle of Hydrogen Sulfide—In view of the evidence 
that hydrogen sulfide is not the primary activator of the conjugase, it is 


TABLE VI 


Effect of Cysteine and Hydrogen Sulfide on Folic Acid Released in Presence of 0.005 M 
Sodium Thioglycolate 


Cysteine Folic acid released Hydrogen sulfide Folic acid released 
M per cent M per cent 

0.000 17 0.000 25 

0.005 46 0.005 25 

0.010 60 0.010 31 

0.020 100 

0.050 0.050 40 

0.100 0.100 43 
% 

Folic acid Cysteine OIM, HoS 

Released — Cysteine OI M 


Cysteine .OO| M,HeS .OOIM 
Cysteine OO! M 


HoS .OOIM 


75+ 
50 


- 


25 
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Fig. 1. Synergistic effect of low levels of cysteine and hydrogen sulfide in the acti- 
vation of folic acid conjugase. 


possible that its activity is due to the reversibility of the desulfhydration 
of cysteine, and that cysteine is the primary activator of the conjugase. 
To test this hypothesis, low levels of cysteine and hydrogen sulfide were 
studied in combination. The results of this experiment are presented in 
Fig. 1. 
It is evident from these results that the activation by cysteine is 
increased in the presence of hydrogen sulfide. 
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DISCUSSION 


The data presented in this report indicate that the activating effect of 
cysteine on hog kidney conjugase is not due to the reducing activity of cys- 
teine. The evidence indicates that cysteine-desulfhydrase is concerned in 
the activation of hog kidney conjugase by cysteine. Hydrogen sulfide, 
one product of the action of cysteine-desulfhydrase on cysteine, is, how- 
ever, much less effective as an activating agent than cysteine. A consid- 
eration of these results has led to the Scheme 1, which explains the acti- 
vating influence of cysteine and H,S. 


CH.—COONa 
SH 
Sodium thioglycolate Inactive conjugase — active 
+ conjugase 
desulfhydrase complex 
SH NH, 
Cysteine 
Cysteine 
desulfhydrase | 
HS + + CH, C—COOH<+— 
CH.—CH—COOH NH, 
NH, 
Hydrogen Cystine Aminoacrylic 
sulfide acid 


ScHEME 1. Proposed mechanism of activation of folic acid conjugase by trans- 
fer of sulfhydryl group from cysteine. 


Scheme 1 is in accordance with the reaction proposed by Smythe (10) 
for the desulfhydration of cysteine by cysteine desulfhydrase: 


4+ CH, = C—COOH + 
| 
SH NH; NH; NH, 


S 


CH:—CH—COOH 


NHs 
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The products resulting from the desulfhydration of cysteine may follow 
two metabolic pathways. Part of the cysteine may be converted to cys- 
tine, hydrogen sulfide, and aminoacrylic acid, while some of the sulfhy- 
dryl groups appear to be transferred to an inactive form of hog kidney 
conjugase, thereby rendering it active. 

The desulfhydration of cysteine has been shown to be reversible by 
Smythe and Halliday (11). Added hydrogen sulfide may, therefore, tend 
to result in the formation of cysteine. This cysteine would likewise be 
subject to desulfhydration and could thereby provide additional sulfhydryl 
groups to the inactive conjugase. This is a possible explanation of the 
synergistic effect of low levels of hydrogen sulfide and cysteine. 

Further evidence in support of Scheme | is the finding that sodium thio- 
glycolate is much more effective in inhibiting the activating effect of hydro- 
gen sulfide than of cysteine. If hydrogen sulfide itself couid supply the 
active sulfhydryl groups, this would not be so, because sodium thioglyco- 
late merely inhibits the activity of cysteine desulfhydrase. 

It appears, therefore, that cysteine does not itself enter the conjugase 
enzyme system, but acts as the specific sulfhydryl donor in a process of 
transsulfhydration which results in an increased hog kidney conjugase 
activity. 


SUMMARY 


1. The folic acid conjugase of hog kidney is activated by either cysteine 
or hydrogen sulfide in the absence of added inhibitors. 

2. Evidence is presented indicating that the activation is not due to the 
reducing activity of hydrogen sulfide or cysteine. 

3. Evidence is presented indicating that cysteine desulfhydrase is con- 
cerned in the activation of hog kidney conjugase by cysteine. 

4. Cysteine appears to be the specific sulfhydryl donor, while H.S ap- 
parently acts indirectly. 

5. A scheme is presented indicating the possible metabolic pathway by 
which cysteine transfers its sulfhydryl group to the inactive form of hog 
kidney conjugase, thereby making it active. 
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C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, December 11, 1950) 


In a recent report from this laboratory (1) interesting relationships 
among dietary tryptophan, dietary niacin, and tissue pyridine nucleotides 
were uncovered. It was reported that dietary tryptophan appears to be 
much more active than niacin in stimulating synthesis of liver diphospho- 
and triphosphopyridine nucleotides (DPN and TPN). In those experi- 
ments the dietary protein was supplied as acid-hydrolyzed casein in which 
the tryptophan had been destroyed and to which supplements of trypto- 
phan and niacin were added. It appeared possible that during a trypto- 
phan deficiency enough enzyme activity had been lost from the tissues (2) 
to decrease the synthesis of the pyridine nucleotides, even though niacin 
was added to the ration. Moreover, those animals fed the tryptophan 
supplements would for practical purposes be receiving a complete ration, 
except for niacin, and it was conceivable that the effects of niacin added to 
such a ration might not be easily observed. In order to check these points, 
we have studied the effects of tryptophan and niacin supplements on the 
formation of liver pyridine nucleotides in animals fed a non-protein ration 
(nitrogen-free except for vitamins). Under these conditions the animals 
depleted of protein should respond equally to tryptophan or niacin supple- 
ments, if both supplements were equivalently active in forming liver pyri- 
dine nucleotides. Moreover, in animals depleted of protein by feeding 
non-protein rations, the loss of tissue enzymes should be just as great, if 
not greater, than on a tryptophan deficiency (2, 3), and the impairment of 
the ability to synthesize tissue pyridine nucleotides should consequently be 
Just as great in protein-depleted animals as in tryptophan-deficient animals. 


EXPERIMENTAL 


In these studies both young and adult male albino rats of the Holtzman 
strain were used as experimental animals. The young rats were placed on 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation, and by funds from the Nutrition Foundation, Inc., New York, and the 
Robert Gould Research Foundation, Inc., Cincinnati, Ohio. 
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experimental rations immediately after weaning and the adult rats were 
placed on experiment after reaching a weight of 240 gm. The range of 
weights of the weanling animals was 40 to 50 gm. and of the adult animals 
was 240 to 250 gm. 

Since in a pilot experiment it had been observed that about 10 weeks 
were necessary for adult rats fed a non-protein ration to develop low con- 
centrations of liver pyridine nucleotide, the adult rats were given only 
water ad libitum for 1 week in order to speed up the process of depletion of 
tissue pyridine nucleotide and then were given a non-protein ration. The 
non-protein ration was niacin-free and contained a supplement of sulfa- 
suxidine to depress intestinal synthesis of niacin and tryptophan. The 
ration was made up as follows: sucrose 87.5, corn oil 5, Salts IV (4) 4, sul- 
fasuxidine 1.5, and niacin-free vitamin mixture (1) 2 per cent. After the 
initial 7 day fast, the adult rats were given the non-protein ration until 
pilot analyses of several rats showed low contents of liver pyridine nucleo- 
tide. This required about 5 weeks, after which supplementation of the 
non-protein ration with tryptophan, niacin, or both, was begun. The 
adult animals were fed the supplemented rations for 2 weeks and were then 
sacrificed for analysis of liver pyridine nucleotides by the method of Feigel- 
son, Williams, and Elvehjem (5). The following supplementations of the 
non-protein ration were made: Group I, no supplement; Group II, 20 mg. 
per cent of niacin (13.3 times the level ordinarily fed in a complete ration) ; 
Group III, 650 mg. per cent of niacin (equivalent to 1080 mg. per cent of 
tryptophan); Group IV, 1080 mg. per cent of pL-tryptophan (4 times the 
level found in an 18 per cent ration); and Group V, 1080 mg. per cent of 
DL-tryptophan plus 650 mg. per cent of niacin. Also 0.1 gm. of choline 
chloride per 100 gm. of ration, in addition to that already present, was 
added to alleviate the effects of loss of methyl groups by the high niacin 
levels (6). 

The weanling rats were placed on the non-protein ration immediately 
without fasting until the content of liver pyridine nucleotide was low as 
shown by pilot analyses. This usually required only 2 weeks for the wean- 
ling rats. They were then divided into five groups and given the same 
supplements as those listed above, respectively, for 2 weeks, after which 
the livers were removed and analyzed for their pyridine nucleotide 
concentration. 


Results 


The results of the experiments with the adult rats are presented in Table 
I. The figures are expressed in micrograms of pyridine nucleotide per gm. 
of fresh liver. The range of values obtained is also given for each group of 
animals. From the results with adult animals it appears that dietary nia- 
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: cin had no effect upon synthesis of liver pyridine nucleotides, even when 
| fed at very high levels. However, tryptophan added to the non-protein 
) ration increased the concentration of the pyridine nucleotides significantly 
and the further addition of niacin with tryptophan did not increase the 
} pyridine nucleotide content further. The average value when tryptophan 
was added was not as high as the normal value obtained when adult rats 
| were given a complete protein ration (1). This indicates a possible loss of 
enzymes concerned with the conversion of tryptophan to pyridine nucleo- 


TABLE I 


Effect of Tryptophan and Niacin Supplements on Concentration of Liver Pyridine 
Nucleotide of Adult Rats Fed Non-Protein Ration 


Group No. No. of rats Dietary niacin | Range 
| | 
| mg. per cent mg. per cent | y per gm. liver | > per gm. liver 
I 7 0 0 510 329-597 
II 6 20 0 437 272-522 
, III 4 650 0 523 448-603 
IV 5 0 1080 760 620-990 
V 5 650 1080 767 666-865 
TaBLeE II 


Effect of Tryptophan and Niacin Supplements on Concentration of Liver Pyridine 
Nucleotide of Weanling Rats Fed Non-Protein Ration 


Group No. No. of rats | Dietary niacin Range 
. mg. per cent mg. percent + per gm. liver y per gm. liver 
: I 7 O 0 466 303- 557 
: II 5 20 0 442 280— 494 
III 5 650 0 740 605- 793 
IV 5 0 1080 840 759-1006 
y V | 5 650 1080 1250 836-1458 
- tides when animals are first fasted for 7 days and then given a non-protein 
y ration for several weeks. Also the dietary regimen employed in these ex- 
a periments is probably more drastic in this respect than the regimen de- 
e scribed in the previous report (1), since in those experiments niacin 
uppeared to spare the liver pyridine nucleotides in adult rats to some 
extent. 
The results with the young rats are presented in Table II. Here it can 
e be observed that niacin added to the non-protein ration at high levels (650 
. Ing. per cent) appeared to increase the concentration of liver pyridine nu- 
sf cleotide. Again, however, tryptophan increased the level higher than 
- niacin when fed at an equivalent level. The lower level of niacin em- 
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ployed (20 mg. per cent) did not spare liver pyridine nucleotides at all. 
An unusual effect was obtained when both tryptophan and niacin were fed 
together at high levels; 7z.e., the concentration of liver pyridine nucleotide 
was increased higher than the concentration expected for a normal wean- 
ling rat (1). These results are difficult to explain, especially when com- 
pared to the data for the adult rats (Table I). 

The only values far different from each other when one compares Tables 
I and II were obtained with the higher level of niacin with and without 
tryptophan. Otherwise, the figures for the adult and young animals du- 
plicate each other very well. 

From these results it appears then that rats depleted of liver pyridine 
nucleotides by feeding a non-protein ration are able to utilize dietary tryp- 
tophan to a greater extent than dietary niacin in forming liver pyridine 
nucleotides. The animals given a more drastic regimen of a preliminary 
fast and then a non-protein ration for several weeks, e.g. the adult rats in 
these experiments, appear to lose the ability to utilize niacin in the syn- 
thesis or the sparing of liver pyridine nucleotides. In young rats given a 
less drastic regimen dietary niacin spares liver pyridine nucleotides to some 
extent, though not as greatly as dietary tryptophan. 

It appears that even though a non-protein ration was fed the loss of en- 
zymes from the liver which synthesize the pyridine nucleotides was not 
marked, as shown by the continued ability of both the young and adult 
rats to synthesize the nucleotides from tryptophan. The complete lack of 
effectiveness of dietary niacin to influence the concentration of liver pyri- 
dine nucleotide in the adult rats possibly reflects a loss of some enzyme 
activity because of the drastic dietary procedure. However, if tryptophan 
is first converted to niacin and then synthesis of the nucleotides occurs, the 
dietary tryptophan should also have had no effect on the concentration of 
liver pyridine nucleotide. These questions are being investigated further 
at the present time. 


SUMMARY 


1. The effects of a tryptophan and niacin deficiency upon concentrations 
of rat liver pyridine nucleotide by feeding a non-protein and niacin-free 
ration have been studied. 

2. Dietary tryptophan added to the non-protein ration alone increases 
liver pyridine nucleotides almost to normal in both young and adult rats. 
In adult rats, however, niacin has no effect on the liver pyridine nucleo- 
tides, even when fed at very high levels. In young rats fed the non-pro- 
tein ration high dietary niacin appears to spare liver pyridine nucleotides, 
though the effect is not as marked as with equivalent levels of dietary 
tryptophan. 
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A MICROSPECTROPHOTOMETRIC METHOD FOR THE 
DETERMINATION OF CYTOCHROME OXIDASE* 


By S. J. COOPERSTEIN anp ARNOLD LAZAROW 


(From the Department of Anatomy, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, November 3, 1950) 


The method used by Potter, Albaum, and others (1, 2) for studying the 
effects of various inhibitors on cytochrome oxidase has been adapted suc- 
cessfully to the assay of the cytochrome oxidase content of rat tissues. 
The rate of enzymatic oxidation of reduced cytochrome c is measured. <A 
microadaptation enables the measurement of the cytochrome oxidase con- 
tent of as little as 4 y (wet weight) of an active tissue such as heart. 


Materials and Methods 


30 ml. of a solution of cytochrome c! (1.7 X 10-5 m) in 0.03 m phosphate 
buffer, pH 7.4, were reduced in an Erlenmeyer flask by adding 100 ul. 
(0.100 ml.) of a freshly prepared solution of sodium hydrosulfite (1.2 m). 
The solution was shaken vigorously for 2 minutes to remove excess hydro- 
sulfite and a standard cytochrome oxidase preparation was then added to 
an aliquot of this solution. The rate of decrease in extinction at 550 my 
was determined (see ‘‘“Macromethod”). The cytochrome c solution was 
then shaken for 2 minutes longer and the activity of the same cytochrome 
oxidase preparation redetermined. This procedure was repeated until 
further shaking produced no change in the rate of oxidation of cytochrome 
c. An increase in the apparent rate of oxidation of cytochrome c indicates 
that hydrosulfite was still present during the preceding test. Since hydro- 
sulfite will reduce some of the oxidized cytochrome c formed by the action 
of the enzyme, incomplete hydrosulfite removal lowers the net oxidation 
rate of cytochrome c. 

Rats were killed by decapitation. The tissue was homogenized in ice- 
cold mM/30 phosphate buffer, pH 7.4, and diluted with the same buffer as 
indicated. 

Macromethod—3 ml. of the reduced cytochrome c solution were pipetted 
into a Beckman spectrophotometer cuvette and 0.02 or 0.04 ml. of the 
tissue homogenate was added. The reactants were mixed by inverting 
the cuvette and readings were taken every 30 seconds at 550 mu. At the 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 

1 Purchased from Wyeth, Inc., and stored at —30°. Molecular weight assumed 
to be 14,000. The purity was over 90 per cent when assayed spectrophotometrically, 
based on the extinction data of Horecker and Heppel (3). 
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end of 3 minutes a few grains of potassium ferricyanide were added (to 
oxidize completely the cytochrome c) and the extinction redetermined. 

All experiments were run at room temperature (approximately 25°) 
unless specifically noted. 

Micromodification—The micromodification was carried out in the same 
manner as the macro-, except that all volumes were reduced 10-fold (300 
ul. of the cytochrome c solution and 2 or 4 ul. of the tissue homogenate?) 
and the extinctions read in the Beckman micro cells (Lowry and Bessey 
(6)). The equipment used for the micromodification has been previously 
described (7). 

Calculations—Since the oxidation of cytochrome c also proved to be a 
first order reaction, calculations were carried out in a similar manner as 
‘described for the succinic dehydrogenase assay (7). The optical density 
(extinction) of the completely oxidized sample was subtracted from that 
at any given time and the logarithm of this difference was plotted against 
time. The standard enzyme activities, which are proportional to the 
slope of this line, are calculated as the decrease in the logarithm of the 
molar concentration of reduced cytochrome c per minute if 1 mg. of tissue 
(wet weight) were to be added to a final volume of 100 ul. of cytochrome 
solution (1:100 final tissue dilution).* Each figure represents the average 
of two determinations carried out with 2 and 4 ul. of the diluted tissue 
homogenate. 


EXPERIMENTAL 


Effect of Varying Concentrations of Components of System; Cytochrome 
c—A final concentration of 1.7 X 10-5 mM cytochrome c gives suitable den- 
sity readings in a 1 cm. Beckman cell. As might be expected in a first 
order reaction, varying the final cytochrome c concentration between 1.2 X 
10-> m and 2.4 X 10-5 m did not affect the value of A log [ferrocytochrome 
c| per minute. 

Phosphate Buffer—The activity of our test system was influenced by the 
phosphate buffer concentration. By using a 1:80 rat brain homogenate 
and a Wyeth cytochrome c preparation, maximum enzyme activity was 
observed in 0.03 m phosphate. However, within the range of 0.02 to 0.04 
M, the change in activity was less that 10 per cent. The optimum phos- 


2 Measured in a braking pipette (4, 5). 


8A log [ferrocytochrome c] _ log (Dy — Dox.) — log (Du — Dox.) 
At — 
final tissue dilution 


100 
after addition of ferricyanide, respectively. (For the derivation, see the previous 
paper (7).) 


where D;, , Dy, and Dox, are the extinctions at time ti, ta, and 
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phate concentration varied slightly with different preparations of 
cytochrome c. 

Tissue—F ig. 1 demonstrates that the rate of oxidation of cytochrome c 
is proportional to the tissue concentration. 

Effect of Temperature—Increasing the temperature from 25-37° increased 
the rate of reaction by 45 per cent. For reasons already discussed in con- 
nection with the succinic dehydrogenase assay (7), the reaction was carried 
out at room temperature, which was maintained at 25° + 1°. The errors 
caused by variations in room temperature may be minimized by running 
comparative experiments at the same time. When this is not possible, the 


[FERROCY TOCHROME. C| 


A LOG 


pl HOMOGENATE 

Fia. 1. Effect of varying the concentration of tissue (1:80 rat brain homogenate). 
Experiment by the micromethod; data not corrected for dilution. 


results may be compared with a standard cytochrome oxidase preparation 
run as a control each day. 

Effect of Tissue Dilution—In the case of the succinic dehydrogenase 
assay, enzyme destruction was found to take place at great tissue dilution 
unless substrate were also present (7). However, with cytochrome oxidase 
the standard enzyme activity was not affected by diluting the enzyme 
prior to its addition to the cytochrome solution. 20 ul. of a 1:1000 rat 
brain homogenate, when added to the cuvette, gave the same A log [ferro- 
cytochrome c] per minute as 2 ul. of a 1:100 dilution. 

Effect of Hydrosulfite Oxidation Products—Although Smith and Stotz (8) 
have suggested that the oxidation products of hydrosulfite inhibit cyto- 
chrome oxidase, they do not give the data upon which this conclusion is 
based. Under the conditions of our assay, the enzyme activity was un- 
affected when the hydrosulfite concentration used to reduce the cytochrome 
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c was increased 7-fold. However, increasing the concentration 10-fold 
(to 0.04 m) resulted in a 30 per cent inhibition. 

Comparison of Micro- and Macromethods—Comparative studies on eight 
samples of rat brain by the micro- and macromethods showed no significant, 
differences in enzyme activity. The average A log [ferrocytochrome c] 
per minute for the macromethod was 6.00 (+0.80); the average A log 
{ferrocytochrome c] per minute for the micromethod was 6.24 (+1.30). 
A few comparative tests carried out with heart and liver (rat) also gave 
good agreement between the micro- and macromethods. 


TABLE 
Cytochrome Oxidase Content of Rat Tissues 
Values obtained by averaging the determinations on ten rats except where noted. 


Spectrophotometric method 
Tes A Ay | Spectrop otometric 
ot enayme ac- enayine ac- Manometric 
Heart........| 1:75,000 | 33.47§ | 3.41 218.0 103.5 2.11 
1:45,000 | 23.16 5.65 157.9 57.8 2.73 
Liver... 1:30 ,000 11.85 2.15 62.5 29.2 2.14 
Brain........| 1:15,000 6.52§ | 0.90 53.3 17.7 3.01 
Muscle!!...... 1:7,500 | 3.91 1.13 44.0 18.0 2.45 
See 1:4,500 2.63 0.56 22.9 7.4 3.09 


* A log [ferrocytochrome ec] per minute for a 1:100 tissue dilution. 


t VY (deviation from mean)?/(number of rats). 

t Average protein content of each tissue determined by micro-Kjeldahl method 
on another series of ten rats. 

§ Only nine rats tested. 

|| Rectus abdominis. 


Application of Method—Six samples of tissues obtained from each of ten 
rats were examined for their cytochrome oxidase contents. The results 
are shown in Table I. The differences observed for the various tissues are 
all significant, the P value being <0.001 in every case. 

The relative enzyme activities of the various tissues as determined by 
this method agree with those determined simultaneously by a modification 
(9) of Haas’ manometric method (10) (see Table I). 


DISCUSSION 


In the manometric methods for assaying cytochrome oxidase, artificial 
substrates such as ascorbic acid ( (11, 12), ete.) or hydroquinone ( (9, 10, 
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13), etc.) are used. The enzyme is incubated at 25° or 37° for a consider- 
able time (30 to 40 minutes) and, as a consequence, low enzyme activities 
may result from enzyme destruction (8). In a colorimetric procedure such 
as the one described, the time interval between the removal of the tissue 
from the ice bath and the completion of the test is only 3 minutes. 

Smith and Stotz (8) have recently reported a microcolorimetric procedure 
based on the rate of oxidation of 2,6-dichlorobenzenoneindo-3’-chloro- 
phenol by tissue in the presence of cytochrome c. Although short incuba- 
tion periods are used, the method has several disadvantages. The dye 
used by Smith and Stotz is not only autoxidized but is reduced to a varia- 
ble extent by the various tissues employed. ‘Therefore, suitable blank 
corrections must be applied. By contrast under the conditions of our 
assay, cytochrome c is not autoxidizable, nor is it reduced by any tissue 
examined unless substrate is added. 

The microassay herein described is far more sensitive than the dye 
method; the latter requires 40 y of rat heart tissue in 120 ul. of total vol- 
ume, whereas the method reported here requires only 4 y of the same tissue 
in a total volume of 300 wl. Our microprocedure is as sensitive as the 
Cartesian diver manometric method, much more convenient to carry out, 
and far less time-consuming. 

Quinlan-Watson and Dewey (14) and others (15, 16, 8) have observed 
that there is an optimum phosphate concentration for cytochrome oxidase 
activity. They (14) report further that the optimum phosphate concen- 
tration depends on the cytochrome c preparation used and on the concen- 
tration of cytochrome c itself, when cytochrome c is limiting. As the 
concentration of cytochrome c is increased, the amount of phosphate neces- 
sary for optimum activity is also increased. Studies which we have carried 
out with a manometric method (9) also confirm the findings of Quinlan- 
Watson and Dewey as well as those of Smith and Stotz (8), who report 
that the phosphate effect can be duplicated by other salts (sodium sulfate, 
potassium sulfate, and sodium chloride). 

A comparison of the relative cytochrome oxidase activities of different 
rat tissues as reported by various authors (11, 17, 8, 18, 19) reveals a lack 
of agreement. Although our results obtained by the spectrophotometric 
method do not agree well with many of those previously reported, they do 
agree rather closely with those obtained by testing the same tissue samples 
with a manometric method (9). This would seem to indicate that the 
discrepancies do not arise from the different assay methods used but per- 
haps from such factors as the condition of the animals, handling of the 
tissues during and after removal, the manner and degree of homogenization, 
etc. 
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SUMMARY 


A spectrophotometric method based upon the rate of oxidation of re- 
duced cytochrome c has been applied to the assay of cytochrome oxidase 
of animal tissues. 

A microadaptation which can be carried out with as little as 4 y of rat 
heart tissue or 20 y of brain tissue (wet weight) in a final volume of 300 
ul. has a sensitivity equal to that obtainable with a Cartesian diver. 

The effects of various factors on the rate of the reaction have been stud- 
ied and various rat tissues have been assayed for their cytochrome oxidase 
contents. 
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A CRYSTALLINE, ACTIVE OXIDATION PRODUCT OF 
a-CHYMOTRYPSIN* 


By EUGENE F. JANSEN, A. LAURENCE CURL, anv A. K. BALLS 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department 
of Agriculture, Albany, California) 


(Received for publication, December 12, 1950) 


Experiments previously reported from this Laboratory on the inhibition 
of chymotrypsin by diisopropyl fluorophosphate (DFP) have shown that a 
mole per mole combination of diisopropyl phosphate and enzyme is formed, 
with the liberation of HF and the formation of an inert protein which it 
has not been possible to reactivate (1-3). It also appears highly probable 
from these results that a single center or grouping in the enzyme protein is 
responsible for both proteolytic and esterolytic action, a conclusion first 
drawn for trypsin from other evidence by Schwert et al. (4). 

A connection now seems assured between the esterolytic nature of the 
protein and a configuration therein which reacts with DFP as a whole. 
This follows because, when tested under conditions reasonably comparable 
with those producing almost instantaneous inhibition of the native enzyme, 
DFP did not react with the component amino acids in chymotrypsin (in so 
far as these were available) nor with hydrolysates of the protein (3). De- 
spite considerable searching, no method has been found whereby the en- 
zymic nature of chymotrypsin can be destroyed and its capacity to react 
with DFP retained. On the other hand, it now appears that the converse 
also holds, for chymotrypsin protein can be altered without destruction of 
its enzymic nature, whereby its power of reacting mole for mole with DFP 
remains unchanged. As a result of the inhibition, both proteolytic and 
esterolytic activities disappear simultaneously, however changed their 
quantitative relationship may have been from that existing in the unmodi- 
fied enzyme. 

a-Chymotrypsin has been altered in two ways, by acetylation and by ox- 
idation, without removal of the enzymic properties. Though the enzymic 
properties of the artifacts differ from those of the original protein in ways 
to be discussed presently, the altered proteins are still esterolytic and pro- 
teolytic enzymes. It therefore seems probable that modifications in the 
catalytic properties of chymotrypsin may result from alterations in cer- 
tain “auxiliary” groups without directly involving one distinct configura- 


* Enzyme Research Division Contribution No. 134. 
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tion in the molecule that is absolutely essential to any catalysis whatever 
of esterolysis. 

Only occasionally has the chemical modification of an enzyme protein 
resulted in a definite artifact which retained enzymic activity. Herriott 
and Northrop (5) succeeded in crystallizing a series of acetylated pepsins 
that were still active proteinases. Fraenkel-Conrat, Bean, and Linewea- 
ver (6) prepared acetylated trypsin that retained activity but was no 
longer inhibited by ovomucoid. Such experiments have nevertheless dem- 
onstrated in principle that enzymatically active chemical derivatives of an 
enzyme are possible. 

The case of chymotrypsin oxidized with periodate, however, is probably 
unique in that the artifact must be smaller than the original enzyme. 
Moreover there are reasons for supposing that the protein is a definite en- 
tity. Accordingly, this report deals with the crystallization and proper- 
ties of oxidized a-chymotrypsin. 

Goebel and Perlmann (7) have shown that prolonged oxidation of bovine 
serum albumin with relatively large amounts of lithium periodate resulted 
in the destruction of certain amino acids, in changes in absorption spectra 
and electrophoretic mobility, and in a gradual loss in serological reactivity. 
Similarly, Desnuelle et al. (8) found that sodium periodate caused ovalbu- 
min to precipitate gradually, the periodate being reduced only to iodate. 
1 mole of ovalbumin reduced 30 moles of periodate. The precipitated pro- 
tein had lost all of its cysteine and cystine, one-third of its tryptophan, 
and a small fraction of its tyrosine. These effects were observed after 
prolonged contact of the proteins with relatively large amounts of perio- 
date. 

Little has been done on the “controlled”? oxidation of proteins by perio- 
date with the object of achieving relatively slight modifications rather 
than extensive breakdown. However, in a previous communication from 
this Laboratory (3) the effect of various concentrations of periodate on a- 
chymotrypsin was reported. 2.5 moles of periodate per mole of enzyme 
resulted in the formation of a maximal amount of acetaldehyde without 
any loss in the proteinase and esterase activities of the enzyme. Since the 
precursor of the acetaldehyde (terminal threonine) was shown to be an im- 
purity in the a-chymotrypsin, this amount of periodate functioned as a 
scavenger. At a molar ratio of 5, however, a decrease in the activities 
occurred, amounting at most to 65 per cent of the original. Larger 
amounts of periodate (as much as 50 moles per mole of enzyme) caused no 
greater decrease in activities. When intermediate amounts of periodate 
(6 to 20 moles per mole of enzyme) were employed, it was possible to iso- 
late a crystalline reaction product. 
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Materials and Methods 


The chymotrypsin used in this work was a-chymotrypsin, either pur- 
chased! or prepared from chymotrypsinogen. The Anson hemoglobin 
method (9) was used for proteinase assays, except that the digestion was 
performed at 30° instead of at 25°. The esterase assay methods were 
those previously described (1). The tyrosine ethyl ester (TEE) used in 
the assay was prepared by the method of Emil Fischer (10); N-acetyl-L- 
tyrosine ethyl ester (ATEE) was prepared from N-acetyl-L-tyrosine? (11) 
by esterification with ethanol-hydrogen chloride (12). 

Acetylation of a-chymotrypsin and trypsin was performed according to 
the method of Olcott and Fraenkel-Conrat (13), e.g., to a solution of 1.5 
gm. of a-chymotrypsin in 20 ml. of water were added 20 ml. of a saturated 
aqueous solution of sodium acetate. The mixture was cooled in an ice 
bath and 2.5 ml. of acetic anhydride in 0.5 ml. portions were added over 
the course of 1 hour with continuous stirring. The cold reaction mixture 
was stirred for another 2 hours and then transferred to dialyzing tubing 
and dialyzed in the cold against daily changes of HCl solution at pH 3.5 
for 7 days. Kjeldahl and amino nitrogen analyses indicated a recovery of 
1.45 gm. of protein having an amino nitrogen content of 0.26 per cent. 
Therefore, approximately two-thirds of the amino groups of a-chymotryp- 
sin had been acetylated. Acetyl trypsin having an amino nitrogen con- 
tent of 0.22 per cent was prepared in a similar manner. 

Preparation of Crystalline, Oxidized a-Chymotrypsin—The following pro- 
cedure was typical of the several preparations of crystalline, periodate- 
oxidized a-chymotrypsin. To a solution of 7.0 gm. of a-chymotrypsin 
(0.26 mM) in 240 ml. of 0.1 m phosphate buffer, pH 7.7, were added 12 ml. 
of 0.22 m periodic acid (2.64 mm). The pH after the addition of periodate 
was 7.15. A stream of CO, was passed through the reaction mixture for 

' Purchased from the Worthington Biochemical Laboratory, Freehold, New Jer- 
sey. 

é We are indebted t» Dr. Hans Neurath for part of the ATEE used in this work. 

’>The amino nitrogen determinations were done according to the Van Slyke 
method (14). By this method, DFP-inhibited a-chymotrypsin had an amino nitro- 
gen content of 0.75 per cent. Since it has been previously shown that an impurity 
bearing terminal threonine was removed by the inhibition (3), the value obtained 
with the inhibited enzyme was considered to be more reliable than that obtained 
with the active enzyme (1.22 per cent (15)). The threonine-bearing impurity of 
chymotrypsin probably originates in the hydrolysis of the zymogen, since the latter 
shows no signs of alteration after treatment with large amounts of DFP. This im- 
purity is not without importance, because ordinary chymotrypsin is probably a 
fairly stable complex of enzyme and inhibitor, wherein the ‘‘impurity’’ is combined 


with the essential group of the enzyme and may be displaced by the more stable 
and irreversible combination of the group with DFP. 
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2.5 hours in order to remove the acetaldehyde formed (3). At the end of 
the oxidation, the pH of the reaction mixture was 6.2. The proteinase and 
esterase activities of the a-chymotrypsin so oxidized had been reduced to 
approximately 35 per cent of the original as measured at their respective 
pH optima for a-chymotrypsin (3). Non-protein nitrogen was formed 
during the oxidation. After the oxidation 81.5 per cent of the original 
nitrogen was present as protein nitrogen (as measured by precipitation 
with trichloroacetic acid) and 17 per cent as non-protein nitrogen. The 
reaction mixture was then dialyzed against running tap water for 2 days, 
after which the pH was adjusted to 5.2 and the protein precipitated there- 
from by 0.7 saturation with (NH4)2SO,4. The oxidized enzyme was filtered 
and dissolved in 250 ml. of water and reprecipitated by 0.55 saturation 
with (NH,)2SO, at pH 5.0. After filtration, the filter cake was dissolved 
in 20 ml. of water, the pH adjusted to 5.2, and the protein crystallized by 
the addition of an equal volume of saturated (NH4)2SO,.. On standing at 
25° for 18 hours the crystallization was complete. The crystals resembled 
closely those of a-chymotrypsin crystallized at pH 5.6 (16). The oxidized 
enzyme was recrystallized twice under the above conditions, whereupon a 
yield of approximately 30 per cent of the original native protein was ob- 
tained. When the recrystallized oxidized enzyme was crystallized again 
at pH 4.0, the crystals obtained were very similar to the typical rhombo- 
hedric crystals of a-chymotrypsin (17). Hence the oxidized a-chymo- 
trypsin is similar to the parent enzyme in exhibiting its polymorphic crys- 
talline forms. 

The crystalline oxidized a-chymotrypsin was isolated from reaction mix- 
tures in which the molar ratio of periodate to enzyme was 5, 10, and 20. 
However, when still larger amounts of periodate were used, attempts to 
crystallize the oxidized enzyme met with greater difficulties of purification 
and were not successful. The crystalline oxidation product was as stable 
in acid as was a-chymotrypsin; e.g., after the oxidized enzyme was held at 
25° for 24 hours at pH 5.0, 4.0, 3.0, and 2.0, it was found that respectively 
97, 96, 88, and 87 per cent of the original activity remained. With a- 
chymotrypsin stored under the same conditions, 83, 88, 92, and 83 per cent 
of the activity remained. 


Results 


Activities of Oxidized Chymotrypsin—The following characterization of 
the properties of oxidized a-chymotrypsin was made on a thrice crystal- 
lized specimen that had been oxidized with 10 moles of periodate per mole 
of enzyme and isolated according to the foregoing scheme. 

It was stated previously that the oxidation of a-chymotrypsin with 5 or 
more moles of periodate resulted in the equal destruction (approximately 
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60 to 65 per cent) of both proteinase and esterase activities when these ac- 
tivities were measured at the pH optima for the unoxidized enzyme (3). 
However, it was later found that the oxidation had shifted the pH opti- 
mum for the hydrolysis of TEE. Fig. 1 shows this shift in optimum. 
The optimal hydrolysis of TEE with a-chymotrypsin occurred at pH 6.2, 
but at pH 6.5 with the oxidized enzyme. Although the magnitude of the 
shift is not large, the effect is nevertheless real, since at pH 7.0 and above 
the original and the oxidized enzyme had the same specific activ- 
ity, whereas at pH 5.0 the specific activity of a-chymotrypsin was more 


ACTIVITIES ON TEE 

4ot - 
| xt 
Oxid.- X1 
<x 30F @AcO-Xt 
z 
20+ 
£ 
3 

4 

05.0 55 6.0 65 7.0 75 3.0 


Fig. 1. The pH optima for the hydrolysis of TEE by a-chymotrypsin and oxidized 
and acetylated chymotrypsin. The activities were determined at 25° with a TEE 
concentration of 0.025 m. 


than double that of its oxidation product. The same shift in pH of opti- 
mal action on TEE as that produced by oxidation also resulted from acet- 
ylation of most of the amino groups of a-chymotrypsin. It is possible 
that certain amino groups may have been removed by oxidation in the one 
case and acetylated in the other. However, no difference was observed 
between the amino nitrogen content of a-chymotrypsin and that of its 
oxidation product (determined by the method of Van Slyke (14) on the 
modified proteins resulting from the reaction of the respective enzymes 
with DFP). Inhibited chymotrypsin contained 0.75 per cent, inhibited 
oxidized chymotrypsin 0.79 per cent of amino N, a difference smaller than 
the accuracy of the determinations. A similar shift was observed in the 
optimal pH for the hydrolysis of a-toluenesulfonyl-L-arginine methyl ester 
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(TSAME) when trypsin was acetylated. The respective pH optima of 
natural and acetylated trypsin are shown in Fig. 2. 

The difference in the pH optimum for TEE between natural chymotryp- 
sin and oxidized or acetylated chymotrypsin is not a general case, however, 
but depends upon the nature of the substrate. Thus the optimal pH for 
the esterolysis of ATEE by a-chymotrypsin is unchanged by either oxida- 
tion or acetylation, remaining at pH 8.0 to 8.2. Moreover, the pH opti- 
mum for the proteolysis of hemoglobin is the same (pH 7.5 to 8.0) with the 
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Fic. 2. The pH optima for the hydrolysis of TSAME by trypsin and acetylated 
trypsin. The activities were determined at 25° with a TSAME concentration of 
0.01 M. 


natural, the acetylated, and the oxidized protein. It may be, therefore, 
that all optima lying in the acid range are changed by the oxida- 
tion, whereas those in the alkaline range are not. 

When each substrate was tested at its respective pH optimum, it became 
apparent that a loss in the specific activity of a-chymotrypsin occurred on 
either oxidation or acetylation (Table I). The loss in specific activity 
caused by acetylation was approximately the sare when measured by any 
of the substrates tried. However, oxidation caused a greater loss of the 
proteinase activity than of the esterase activity. When thus compared at 
their respective optima, the specific esterase activity after oxidation was 
two-thirds and the specific proteinase activity one-third of the original. 
The validity of this comparison seems justified in view of the fact that the 
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esterolytic activity is also observed to be only two-thirds as great in the 
oxidized protein when the comparison is made by use of ATEE, the pH 
optimum for whose esterolysis remained unchanged (at pH 8.0 to 8.2) on 
oxidation. ‘This situation is similar to the effect produced by the acetyla- 
tion of trypsin (1) when the proteinase but not the esterase activity was 
decreased in marked distinction to the behavior of acetylated chymotryp- 
sin. 

Reaction of DFP with Oxidized a-Chymotrypsin—No difference was ob- 
served between the behavior of the oxidized enzyme with DFP and that 
previously reported for a-chymotrypsin (1). The results are given in 
Table II. Both activities of the oxidized enzyme were inhibited to essen- 


TABLE [ 
Spectfic Activities of a-Chymotrypsin, Its Acetyl Derivative, and Oxidation Product 
Specific activity (per mg. PN) | Ratio 
Moles 
Enzyme 
TEE | ATEE 
TEE ATEE Hb Tip | Hb 
| 2.2 | 0.068 | 5.1} 32 
Acetyl a-chymotrypsin.............. | 1.8 | 0.052 | 5.0 | 35 
Oxidized chymotrypsin§............. 5 0.26f 0.032 | 8.1 
10 0.20t | 1.4 | 0.025; 8.0) 56 
20 0.22t 0.022 | 10.0 


* The moles of periodate used per mole of enzyme in oxidation. 
+ Assay at pH 6.2. 

t Assay at pH 6.6. 

§ The recrystallized oxidized enzyme was used in each case. 


tially the same extent, despite the fact that in this case the ratio of esterase 
to proteinase activity was higher than for natural a-chymotrypsin. (It 
had been observed previously that the activities of acetyl trypsin, which 
had identical esterase but lower proteinase than the parent enzyme, were 
not inhibited to the same extent (1).) 

Crystalline, DF P-inhibited, oxidized a-chymotrypsin was prepared by 
permitting crystalline oxidized chymotrypsin to react with DFP in a man- 
ner similar to that described for inhibited a-chymotrypsin. To a solution 
of 2.70 gm. (0.10 mM) of three times crystallized, oxidized a-chymotrypsin 
in 750 ml. of 0.2 mM phosphate buffer at pH 7.5 were added 2.1 ml. of 0.1 M 
DFP, which resulted in complete inhibition in less than 30 minutes. After 
standing overnight, the pH of the solution was adjusted to 4.0 with 10 per 
cent H,SO, and the protein precipitated therefrom by 0.7 saturation with 
ammonium sulfate. The amorphous precipitate was filtered and crystal- 
lized at pH 4.0 (1). After recrystallization, the crystals resembled closely 
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those of active a-chymotrypsin formed at pH 4.0. An aqueous solution of 
the crystals was dialyzed in the cold, first against dilute HCI at pH 3.0, and 
then exhaustively against water, after which the solution was lyophilized, 
yielding 1.7 gm. or 60 per cent. 

Molecular Weight of DF P-Inhibited, Oxidized init crys- 
talline, DFP-inhibited, oxidized enzyme was used for the determination of 


TABLE II 
Inhibition of Oxidized a-Chymotrypsin* with DFP 


Inhibition 
Molarity of DFP XX 105 

Esteraset Proteinase 

per cent per cent 
0.1 15 21 
0.3 29 29 
1.0 64 71 
3.0 100 100 


* The concentration of oxidized a-chymotrypsin was 0.058 mg. of protein nitro- 
gen per ml. in 0.2 m phosphate buffer at pH 7.7; the time of exposure of the enzyme 
to the inhibitor was 20 minutes at room temperature prior to assay. 

t+ Determined by the hydrolysis of TEE at pH 6.6. 


TaBLe III 
Molecular Weight of Crystalline, DF P-Inhibited-Oxidized a-Chymotrypsin 


Mol. wt. 
Protein 
Phosphorus* Osmotic pressuret 
27 , 500 
DFP-oxidized a-chymotrypsin............... 25, 700 25, 800 
27 ,000 
27 ,000 


* Calculated on the basis of 1 mole of P per mole of protein. 
t The Bull method (18) and 1.0 per cent protein in 0.2 mM acetate buffer at pH 5.0 
was used in these determinations. 


the molecular weight, since it was not only stable during determinations of 
the osmotic pressure but also contained phosphorus, the quantity of which 
was also a measure of the molecular weight. The results of these deter- 
minations are given in Table III. For comparison similar determinations 
are reported on crystalline DFP-inhibited a-chymotrypsin. It is apparent 
that the two proteins have essentially identical molecular weights as de- 
termined by either method. Therefore, any change in size caused by the 
oxidation of a-chymotrypsin must be small; 2.e., less than the limits of er- 
ror of the methods. 
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DISCUSSION 


The differences in specific activity, ratio of esterase to proteinase activi- 
ties, and pH optima with respect to TEE between chymotrypsin and the 
crystalline material recovered after its oxidation constitute evidence that 
this material is not merely residual, unchanged chymotrypsin. Moreover, 
periodate oxidation of chymotrypsin over a range of periodate concentra- 
tions from 5 to 50 moles of periodate per mole of enzyme, resulted in an 
oxidized product of constant enzymic activity, less than that of the original 
enzyme, and differing therefrom in the ratio of esterase to proteinase ac- 
tivity (when each substrate was measured at its optimal pH). The prod- 
ucts obtained with intermediate amounts of periodate (6, 10, and 20 moles 
of periodate per mole of enzyme protein) were recrystallized several times. 
These circumstances are strongly suggestive of the view that oxidized a- 
chymotrypsin is a chemical entity. Final proof must naturally await data 
on serological specificity, which should be available shortly from Dr. 
DeEds’ group in this Bureau. (It may now be said that serological iden- 
tity between crystalline a-chymotrypsin and its crystalline inhibition 
product with DFP has already been established.) 

Most of the experiments aimed at determining the group of a-chymo- 
trypsin which had been oxidized resulted in data of a negative nature. 
No significant difference was observed in the ultraviolet absorption spec- 
trum (particularly between 270 and 300 my) of oxidized enzyme as com- 
pared to a-chymotrypsin; however, a change in 1 or 2 benzenoid amino 
acid residues in the enzyme molecule may be too small to have been detec- 
ted by this means. 

Reducing agents, such as cysteine, failed to increase the activity of oxi- 
dized a-chymotrypsin. As a matter of fact, cysteine caused a small loss in 
activity; e.g., when 5 mg. of cysteine were added to 10 ml. of a solution 
containing 2 mg. of crystalline, oxidized enzyme in 0.1 m phosphate buffer 
of pH 6.0, 90 and 95 per cent of the activity of the control were observed 
after 1 and 24 hours, respectively: The same small losses were observed 
when a-chymotrypsin itself was treated with cysteine. Therefore, the 
oxidation mechanism was apparently not that of a reversible oxidation of 
sulfhydryl groups to disulfide groups. 

The change in the activity ratio of a-chymotrypsin caused by the perio- 
date oxidation was not due to the formation of formaldehyde with subse- 
quent reaction of the latter with the enzyme. When 17 mg. (6.3 X 10-¢ 
mM) of a-chymotrypsin, dissolved in 10 ml. of 0.1 m phosphate buffer, pH 
7.6, containing 6.2 X 10-* mm of formaldehyde, were allowed to remain at 
25° for 2 hours and then dialyzed for 18 hours against water, 90 per cent of 
both the proteinase and esterase remained as compared with a control 
treated in a similar manner except for the formaldehyde. 
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Therefore since non-protein nitrogen was formed during the oxidation of 
the enzyme and since the molecular weight of the isolated oxidation prod- 
uct is no greater, and may probably be less, than that of the parent en- 
zyme, the best conclusion from available data regarding the nature of the 
change seems to be that the oxidation resulted in a loss of part of the a- 
chymotrypsin molecule. The loss may be similar to that observed when 
8- and y-chymotrypsins are formed from the a-enzyme (16), with the ex- 
ception that the oxidative loss resulted in a change in enzymic activity. 

Neurath and Schwert (19) have presented excellent evidence of multiple 
points of attachment between a-chymotrypsin and its substrates. The 
results with the oxidized enzyme suggest that one such point may have 
been altered or eliminated by the oxidation, thus affecting the hydrolysis 
of simple esters very little but greatly affecting the hydrolysis of hemo- 
globin, a substrate of a far more complex nature. The lessened proteo- 
lytic activity of oxidized chymotrypsin may conceivably be due to an 
attachment of enzyme to substrate which is insufficient to produce rapid 
hydrolysis. 

It may be justified to extend this speculation still further. The pH 
optimum for TEE shifted toward the alkaline side by both oxidation and 
acetylation to the same extent, whereas the pH optimum for hemoglobin 
and for ATEE was not changed at all. These results suggest the existence 
in the enzyme of groups which greatly affect the hydrolysis of a particular 
substrate, though unimportant for the hydrolysis of other substrates. 
Such groups may be considered “auxiliary” to the extent that they may be 
‘‘almost”’ necessary in some cases. Nevertheless, the fundamental cat- 
alytic reactions of the enzyme are obviously not connected with these 
groups, but with others that may be distinguished therefrom; in the case 
of chymotrypsin, by the reaction with DFP, which by reacting with only 
1 atom of H in the enzyme, stops all catalysis. 

In the case of oxidized chymotrypsin, one may argue that an auxiliary 
group has been removed by periodate, while in acetylated chymotrypsin 
the same group has been acetylated. (The case for acetylated chymo- 
trypsin is weak, because the protein is not a chemically uniform material; 
nevertheless its impurities are unlikely to interfere, because it was prepared 
from very pure a-chymotrypsin.) The method used for acetylation of 
chymotrypsin has been found by Olcott and Fraenkel-Conrat (13) to be 
well adapted for acetylating amino and sulfhydryl groups, but not hy- 
droxyl groups, in proteins. However, 5 mg. of the original a-chymotryp- 
sin used gave no nitroprusside test for SH, even with guanidine (although 
a similar test with 8 y of cysteine plus the protein and reagents was very 
distinct). Moreover, no difference was apparent, by the Van Slyke 
method of analysis, between native and oxidized-inhibited (DFP) chymo- 
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trypsin. It appears that the auxiliary group modified by oxidation (re- 
spectively acetylation) and also responsible for the shift in pH optimum 
for TEE (only) is probably an amino group, but it is clear that the change 
does not involve more than a very few such groups in the enzyme mole- 
cule, in fact so few that they cannot be detected by the methods used here. 


SUMMARY 


1. a-Chymotrypsin when oxidized with sodium periodate in the molar 
ratio of 5 to 20 moles of periodate per mole of enzyme resulted in the for- 
mation of an altered enzyme which was isolated in crystalline form. Non- 
protein nitrogen was formed during the oxidation. The crystalline form 
of the oxidized enzyme was similar to that of the parent enzyme crystal- 
lized under similar conditions. 

2. The optimal pH for the hydrolysis of tyrosine ethyl ester by the oxi- 
dized enzyme was 6.5, whereas that for a-chymotrypsin was 6.2. Acetyla- 
tion of most of the amino groups of a-chymotrypsin resulted in a similar 
shift inthe optimum. (Acetylation of trypsin caused a shift in the pH op- 
timum for its hydrolysis of a-toluenesulfonyl-L-arginine methyl ester.) 
The pH optima for the hydrolysis of N-acetyl-L-tyrosine ethyl ester and 
hemoglobin were unaltered either by the oxidation or by the acetylation 
of a-chymotrypsin. 

3. The crystalline, oxidized a-chymotrypsin possessed approximately 
65 per cent of the esterase activity but only 35 per cent of the proteinase 
activity of a-chymotrypsin. 

4. The oxidized enzyme was inhibited by DFP in the same way as was 
a-chymotrypsin. The crystalline, DFP-inhibited-oxidized enzyme was 
prepared. 

5. Phosphorus analysis and osmotic pressure determinations on the 
DFP-inhibited-oxidized enzyme demonstrated that a relatively small de- 
crease, if any, in molecular weight had resulted from the oxidation. 

6. The ultraviolet absorption spectrum was unaltered by the periodate 
oxidation of a-chymotrypsin. Reducing agents, such as cysteine, failed to 
increase the activity of oxidized a-chymotrypsin. 
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The nature of the specific reactions concerned with the formation and 
breakdown of 2,3-diphosphoglycerate (2,3-P-GA),' a compound charac- 
teristic of certain mammalian red cells, has remained an unsolved prob- 
lem. The recent demonstration (1) of the réle of 2,3-phosphoglycerate 
as a coenzyme of the phosphoglyceric mutase reaction suggests that this 
compound and its metabolic reactions possess a general importance tran- 
scending the specific problems of the metabolism of erythrocytes. An 
earlier paper dealt with the formation of 2,3-P-GA (2). It was shown 
that a specific enzyme catalyzed the phosphate transfer from 1,3- to 
2,3-P-GA. 

The question concerning the pathway of decomposition of 2,3-P-GA 
was left open. An intramolecular reversibility of the mutase reaction 
appeared unlikely in view of the great difference in energy levels between 
the carboxyl phosphate of 1,3-diphosphoglyceric acid and the secondary 
ester phosphate of 2,3-diphosphoglyceric acid. Work with a purified 
mutase preparation which showed complete inertness towards 2 ,3-P-GA, 
did not indicate reversibility. Therefore, other pathways of breakdown 
of 2,3-P-GA were considered. It had been found earlier that both 3- and 
2,3-P-GA were attacked by acetone powder of muscle. The existence of 
a phosphatase attacking 2,3-P-GA was also noted by Sutherland e¢ al. 
(1). When red cells were incubated for several days in the presence of 
NaF and iodoacetate, little change in the total amount of phosphorylated 
glyceric acid occurred, although the stable P fraction decreased. In a 
preparative experiment it could be demonstrated that a large portion of 
the 2,3-P-GA had decomposed to 3-P-GA. Further studies showed that 
muscle exhibited powerful, and red cells weak, glycerate diphosphatase 
activity. The muscle enzyme was partially purified so that some of its 
properties could be determined. 


Materials and Methods 


‘ The methods used have been described previously (2). The barium 
salt of 2,3-phosphoglycerate was prepared by the method of Greenwald 


1 P-GA = phosphoglycerate. 
683 
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with certain modifications (3). 3-P-GA was prepared from yeast ac- 
cording to Vercellone and Neuberg (4). Barium a- and 6-phosphoglyc- 
erols were samples donated by Dr. J. J. Rae (Department of Chemistry, 
University of Toronto). Other phosphate esters were commercial 
products. 


Results 


Formation of 3-P-GA from 2,3-P-GA in Rabbit Erythrocytes—In Table I 
are presented data on changes of inorganic and hydrolyzable P, as well 
as on total phosphoglycerate and 3-P-GA observed on a suspension of red 


TABLE I 
Formation of 3-P-GA from 2,3-P-GA 
A suspension of rabbit red cells was incubated at 37° in the presence of 75 uM per ml. 


of fluoride and 36 um per ml. of iodoacetate. The samples were removed after incu- 
bation periods as stated below. The values are expressed as micromoles per sample. 


Phosphate analysis Phosphoglycerate analysis 
are 150 min. hydrolysis 
Inorganic Total P-GA 3-P-GA 
Total A 
days 
0 2.1 11.6 7.6. 0 
1 9.4 13.6 +2.0 8.0 
2 10.4 a 7.4 
7.8") 
4 12.8 15.8 7.6 
> +4.1 4.6 
8 13.1 15.6 8.2 
15 13.6 16.1 | 8.0, 
* Average. 


cells incubated for several days at 37° in the presence of fluoride and 
iodoacetate in order to inhibit phosphoglycerate-forming and inhibiting 
reactions. It may be seen that the inorganic phosphate increased for 
about 4 days, to remain stationary thereafter. The hydrolyzable P did 
not change after 48 hours. The total phosphoglycerate remained un- 
changed during the entire period of incubation, evidence for the com- 
pleteness of inhibition of enolase action in hemolysates by fluoride. 
Polarimetric analysis of the pooled specimens of Days 2 to 15 showed 
appearance of 3-P-GA in amounts which would indicate conversion of 
more than half of the 2,3-P-GA to 3-P-GA. In order to establish the 
appearance of 3-P-GA in the hemolysates two further experiments on a 
preparative scale were conducted. ‘Their results are shown in Table II. 
In Experiment IIIC (Table II) 40 ml. of rabbit erythrocytes were 
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incubated for 8 days at 37° with 3 ml. of m fluoride and 6 ml. of 0.24 m 
iodoacetate to give 0.06 and 0.03 m final concentrations, respectively. In 
Experiment IIID 40 ml. of whole blood were used. The sample was made 
0.03 mM with respect to fluoride and 0.015 m with respect to iodoace- 
tate and incubated for 6 days. Both samples were thereafter treated 
in the same fashion. They were deproteinized with a 4-fold volume of 
5 per cent trichloroacetic acid. The fluoride was removed by addition of 
a small amount of CaCl, and alkalization to pH 9, followed immediately 
by acidification with HNO; to pH 3. The phosphate compounds were 
precipitated at pH 5 with neutral lead acetate and allowed to stand over- 
night. The precipitates were washed with dilute lead acetate and then 


TABLE II 
Analysis of Preparative Experiment on Formation of 8-P-GA from 2,3-P-GA 
The values are expressed as micromoles. 


Experiment | Fraction | ota] p Total Ratio, | Calculated Determined | Average 3-P-GA 
No. No. P-G P:P-GA 3-P-GA 3-P-GA Total P-GA 
per ceni 
IIc 1 13.7 10.6 1.29 7.6 7.6 72 
2 17.6 15.8 1.11 14.1 12.6 85 
3 11.7 9.6 1.22 7.4 2 77 
4 10.0 5.0 2.00 0 0 0 
I1f{D 1 9.2 7.2 1.28 5.1 4.2 65 
2 9.0 6.9 1.30 4.9 5.3 74 
3 9.6 6.9 1.38 4.2 3.3 55 
4 8.3 4.8 1.73 1.1 0.5 16 


+ Sample lost. 


decomposed with H.S. After aeration 20 per cent mercuric acetate solu- 
tion in 2 per cent acetic acid was added at pH 3 until no further pre- 
cipitation occurred. The Hg in the supernatant fluid was removed by 
H.S and the inorganic P was precipitated as MgNH,PO, by addition of 
Mg acetate and ammonia. The supernatant fluid was brought to pH 6 
and the phosphoglycerates were precipitated by addition of lead acetate 
and 1 volume of alcohol. The lead salts were collected, washed re- 
peatedly with 50 per cent alcohol, and decomposed with H.S. After 
aeration the barium salts were prepared by addition of barium acetate 
and 2 volumes of alcohol. The dry salts were fractionally extracted with 
1.5 ml. portions of 0.033 n HCl. Fractions 1 to 4 were collected. They 
were analyzed for total P, total phosphoglycerate, and for 3-P-GA. It is 
evident from the analyses by two methods, one based on the ratio of P to 
total phosphoglycerate and the other on direct polarimetric analysis, that 
3-P-GA has appeared in large amounts under the conditions described. 
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Preparation of Enzyme—The enzyme was prepared from skeletal muscle 
of the rat or, in later experiments, the rabbit. The progress of enzyme 
purification was followed by comparison of the amounts of inorganic P 
liberated in 1 hour at 37° at pH 7.0 from 3-P-GA and 2,3-P-GA, until 
minimum liberation from 3-P-GA was achieved. The test system con- 
tained in 1 ml. of final volume 3 um of substrate. 0.1 mM barbital-acetate 
and 0.05 m collidine buffers were used interchangeably. In the initial 
stages the tests were carried out in the presence of 0.03 m fluoride and 
0.02 m iodoacetate; purified preparations were assayed without inhibitors. 
Neither fluoride nor iodoacetate affected the glycerate diphosphatase. 
The enzyme was rather stable and could be preserved for at least 1 month 
at —20°. In fractionating with ammonium sulfate the enzyme was found 
in the most soluble portion, requiring saturation for precipitation. With 
ethanol at 4° it was precipitated at a concentration exceeding 45 per 
cent. Alcohol fractionation was the procedure of choice. Preparations 
from rat muscle still contained weak phosphoglyceric mutase and enolase 
activity, while those from rabbit muscle did not. 

A typical preparation follows. A!l operations were performed in the 
cold room at 4°. 57 gm. of rat muscle, obtained from the hind legs of 
two rats, were extracted after coarse mincing by scissors with 2 volumes 
of distilled water by brief dispersion in a Waring blendor. After centrifu- 
gation the muscle was reextracted with 1 volume of water. To the com- 
bined extracts 95 per cent ethanol was added slowly with mechanical 
stirring over a period of 30 minutes to produce an ethanol concentration 
of 40 per cent. After standing for 1 hour in an ice bath, the solution was 
centrifuged, and a bulky precipitate was discarded. The alcohol concen- 
tration was brought to 65 per cent in the same manner and the precipi- 
tate was collected by centrifugation after standing for 30 minutes. The 
precipitate was dispersed in 10 ml. of water and centrifuged. The residue 
was reextracted with 3 ml. of water and then discarded. The combined 
extracts, calculated to have an ethanol concentration of 30 per cent, 
were made 40 per cent ethanolic and allowed to stand overnight. After 
removal of a small precipitate, the enzyme was dialyzed against distilled 
water for 18 hours. Ethanol was added again to 40 per cent final concen- 
tration. The precipitate, formed after standing overnight, was discarded 
and the solution was brought slowly to 46 per cent ethanol, followed by 
removal of an additional small precipitate. The solution was brought to 
60 per cent ethanol concentration and centrifuged after 15 minutes, and 
the precipitate was redissolved in 10 ml. of water. A small amount of 
insoluble material was discarded. The total activity of the solution 
represented about 150 um of inorganic P liberated in 1 hour at 37° and 
pH 7. In view of the large P liberation in the crude extracts it is difficult 
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to give an estimate of the yield. The later stages of purification were 
attended by negligible losses. 

Preparation of the enzyme from rabbit red cells was made difficult by 
its weak activity and the large amounts of hemoglobin which behave like 
the enzyme towards ammonium sulfate and alcohol. It was possible by 
repeated alcohol fractionation to prepare an almost hemoglobin-free solu- 
tion, which liberated negligible amounts of P from 3-P-GA while still 
possessing some glycerate diphosphatase activity. 

Properties of Enzyme—In Fig. 1 is shown the pH-activity curve of an 
enzyme preparation, indicating a broad maximum at about pH 7. In 
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Fig. 1. pH-activity curve. The incubation mixtures contained in 1 ml. of final 
volume 3 um of 2,3-P-GA and were incubated 60 minutes at 37°. Barbital-acetate 
buffer of the pH values indicated was used. 


Fig. 2 is presented a curve relating phosphate liberation to enzyme con- 
centration; fair proportionality is apparent. In Fig. 3 is shown a sub- 
strate-activity curve. From it or a Lineweaver-Burk (5) plot (see Fig. 6) 
a Michaelis constant of 3 X 10-* mole per liter may be estimated. Fig. 4 
presents a time curve under conditions of great substrate excess, which 
indicates that under such circumstances a direct proportionality may be 
observed initially. 

Specificity—Table III shows the activity of the enzyme towards a 
variety of substrates. It may be seen that little liberation of P occurred 
from 3-P-GA and £8-glycerophosphate. Comparable amounts of P were 
liberated from the other substrates. The considerable difference in ac- 
tivity towards the isomers of phosphoglycerol and monophosphoglyceric 
acid appears of interest. 
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Inhibitors and Activators—Addition of fluoride, iodoacetate, phlorhizin, 
cyanide, alanine, cysteine, potassium, cadmium, manganese, magnesium, 
or phosphate was without discernible effect on the enzyme activity. 
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Fic. 2. Enzyme concentration curve. The conditions were the same as those 
described in Fig. 1, except that a collidine buffer of pH 7.0 was used. 
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2,3-P-GA 
Fig. 3. Substrate concentration curve. 
except for the variation in 2,3-P-GA. 


The conditions were the same as before, 
The effect of other additions is shown in Table 1V. It may be seen that 
a considerable increase of phosphate liberation occurred in the presence 
of Ag*. Znt+, Cat+, Fet++, and oxalate inhibited enzyme activity by 
20 to 30 per cent, while Cut+ did so almost completely. The great en- 
hancement of enzyme activity by Hg++ prompted an examination of its 
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effect over a wider range of concentrations and on both mono- and di- 
phosphoglyceric acids. The results are shown in Table V. It may be 
seen that over a range of 0.1 to 1.0 mm of Hg** per liter a 3-fold increase 
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Fic. 4. Timecurve. The incubation mixtures contained 12 um of 2,3-P-GA; other- 
wise the conditions were the same as before. 


TABLE III 
Action of Glycerate Diphosphatase on Various Substrates 
The incubation mixtures contained in 1 ml. of final volume amounts of the various 


substrates listed in the table and were 0.05 m with respect to a collidine buffer of 
pH 7.0. They were incubated for 60 minutes at 37°. 


Substrate uM per tube P liberated 
uM per cent 2,3-P-GA 
a-Glycerophosphate............... 3.0 0.11 22 
8-Glycerophosphate................) 3.0 0.02 4 
Phenyl! phosphate................ | 3.0 0.13 25 
Fructose diphosphate.............. 3.0 0.14 27 
Adenosinetriphosphate............. 4.5 0.18 34 


of P splitting from 2,3-P-GA occurred. The relative enhancement was 
even more marked with the monophosphoglyceric acids. Also it is seen 
that addition of 2-P-GA to the system containing Hg did not result in a 
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potentiated effect. It is noteworthy that the enzyme appeared flocculated, 
as if denatured, in the presence of all metals. 
The effect of varying amounts of 2- and 3-monophosphoglyceric acids 


TaBLeE IV 
Effect of Inhibitors and Accelerators on Glycerate Diphosphatase 


The experimental conditions were the same as those described in Table [II. 3 
uM of 2,3-P-GA were present in each incubation mixture. 


Addition Final concentration P liberated* 
mM perl. uM per cent of contro 


* No inorganic P was liberated in the various mixtures incubated without enzyme. 


TABLE V 
Effect of Hg** on P Splitting from Phosphoglycerates 
The conditions were the same as those described previously. The mixtures con- 
tained in 1 ml. of final volume 3 uM of either 2-, or 3-, or 2,3-phosphoglycerate. In 
the experiment in the last row both 2,3- and 2-P-GA were present. 


Substrate Final Hg** concentration! P liberated® 
mM per |. uM per cent of control 
2,3-P-GA 0 0.45 100 
1.0 1.36 290 
0.4 1.48 330 
0.2 1.45 320 
0.1 1.48 330 
0.02 0.45 100 
2-P-GA 0 0.07 100 
0.1 0.48 690 
3-P-GA 0 0.02 100 
0.1 0.78 3900 
2,3-P-GA + 2-P-GA 0.1 1.36 290 


* No inorganic P was liberated in the various mixtures incubated without 
enzyme. 


on the enzyme is shown in Fig. 5. Inhibition by 3-P-GA, enhancement 
by 2-P-GA, and lack of effect of phosphate are demonstrated. 

In Fig. 6 the effect of the two monophosphoglyceric acids is examined 
with respect to differing concentrations of 2,3-P-GA. The graph presents 
a plot of the reciprocals of velocity versus the reciprocal of concentration 
of 2,3-P-GA (5). It may be seen that 3-P-GA exerted a competitive 


1s 


it 


it 


d 
ts 
re 


S. RAPOPORT AND J. LUEBERING 691 


inhibition, as indicated by the fact that the curves with and without 
3-P-GA, while differing in slope, had the same intercept. On the other 
hand, the enhancing effect of 2-P-GA decreases with increasing concen- 
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Fig. 5. The effect of monophosphoglyceric acids and of inorganic P on the en- 
zyme. The conditions are the same as described in Fig. 1. 
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Fic.6. Lineweaver-Burk plot of the effect of 2- and 3-P-GA on 2,3-P-GA splitting. 
The amount of 2,3-P-GA varied as shown in the graph. 1.5 um of 3-P-GA and 1.2 
um of 2-P-GA were present where indicated. 


trations of 2,3-P-GA. The intercept does not coincide with that of the 
control curve. 

Reaction Products—Although the isolation of 3-P-GA from blood cells 
incubated with fluoride and iodoacetate and the inhibition of P liberation 
from 2,3-P-GA by addition of 3-P-GA suggested that 3-P-GA was the 
immediate breakdown product, a direct demonstration of the reaction 
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products with the purified muscle enzyme appeared desirable. Also, it 
was thought of interest to ascertain the source of the additional phosphate 
liberated when 2-P-GA was added to 2,3-P-GA. For these reasons 
balance experiments with determination of inorganic P, 3-P-GA, and 
phosphopyruvate were performed. 

In early experiments formation of 3-P-GA was found to parallel, but 
always to fall short of, inorganic P liberation, the yield with different 
preparations ranging from 60 to 80 per cent of the inorganic P value. 
The same proportion, 60 to 80 per cent, was recovered from added 3-P- 
GA, with negligible appearance of inorganic P. The accelerated P libera- 
tion when 2-P-GA was added was accompanied by a proportional increase 
of 3-P-GA formation. Tests for phosphoglyceric mutase with racemic 
2-P-GA and for enolase with phosphopyruvate showed only negligible 


TaBLe VI 
Balance of Formation of 3-P-GA and Inorganic P 
The incubation mixtures contained in 1 ml. of final volume 0.20 ml. of an enzyme 
preparation from rabbit muscle, the sodium salt of either 3- or 2,3-phosphoglyceric 
acid, and sodium iodoacetate to give 0.01 M concentration. They were incubated 
for 60 minutes at 37°. The reaction was stopped by immersion in a boiling water 
bath for 5 minutes. The values are expressed as micromoles. 


Tube No. Substrate a) es 3-P-GA found 
1 3-P-GA 6.0 0.1 6.4 
2 2,3-P-GA 6.0 2.1 1.9 


activity. Therefore, reductive transformation of 3-P-GA was assumed 
and additional tests were performed in the presence of 0.01 m iodoacetate. 
Table VI presents such an experiment. It may be seen that in the pres- 
ence of iodoacetate satisfactory correspondence between P splitting and 
3-P-GA formation was found. 


DISCUSSION 


The demonstration of a specific enzyme concerned with the breakdown 
of 2,3-P-GA, occurring in red cells and skeletal muscle, appears of con- 
siderable interest in view of the réle assigned to 2,3-P-GA in the phospho- 
glyceric mutase reaction. ‘The demonstrated coenzyme function of 2,3- 
P-GA and the active glycerate diphosphatase activity in muscle throw 
doubt on the previously reported absence of diphosphoglycerate mutase 
in muscle and suggest the existence of a self-regulating enzyme cycle at 
the level of the phosphoglyceric acids, in which the concentration of 
2,3-P-GA, which determines the rate of mutation of the monophospho- 
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glyceric acids, would in turn be dependent on the relative amounts of 
3- and 2-P-GA present. An investigation of this possibility with purer 
enzyme preparations is contemplated. For red cells the results open the 
possibility that the accumulation of 2,3-P-GA is the result of weak glycer- 
ate diphosphatase activity, as much as of high diphosphoglycerate mutase 
activity. 

The enzyme shows several properties which distinguish it from other 
phosphatases. The lack of inhibition by phosphate and the competitive 
inhibition by 3-P-GA would argue in favor of a specific affinity for the 
phosphoglyceric entity. From Fig. 6 it will appear that the affinity of 
the enzyme is about the same for 2,3- as for 3-P-GA. 

The stimulation of enzyme activity by 2-P-GA in the manner depicted 
in Fig. 6 is an instance of a most unusual behavior. The only com- 
parable example has been observed for saccharase, which showed activa- 
tion by either glucose or fructose (6). No explanation of this acceleration 
has been afforded. It appears unlikely that in the case of glycerate 
diphosphatase 2-P-GA could function as a coenzyme, both in view of the 
large amounts necessary for acceleration, which are of the order of the 
amount of substrate present, and the difficulty of picturing the mecha- 
nism of such a transfer reaction. A possible model, based on the assump- 
tion of two sites of affinity on the enzyme, may be considered. 

Assuming two centers of affinity with specificity for the 2-phosphate 
and the 3-phosphate group, respectively, one may postulate three possible 
compounds of enzyme and 2,3-P-GA in equilibrium with each other. Of 


(1) E-3PC (2) E-3PC (3) E-3PC 
2PC -2PC -2PC 
C C C 


these only the first one would form an activated complex, breaking down 
to 3-P-GA and inorganic phosphate. 3-P-GA and 2-P-GA should form 
only one inactive compound each, similar to compounds (1) and (2) of 
2,3-P-GA, respectively. The addition of a monophosphoglyceric acid 
would then change the proportions of the various complexes of enzyme 
and 2,3-P-GA in a competitive manner. By competing for compound 
(1) the addition of 3-P-GA would tend to diminish the concentration of 
the activated complex, while the addition of 2-P-GA, by competing for 
compound (2), would tend to increase the concentration of compound (1) 
and thus of the activated complex. The Lineweaver-Burk plot of ac- 
tivity with constant amounts of 3-P-GA and increasing 2,3-P-GA con- 
centrations is in good agreement with the competitive inhibition. The 
corresponding plot of 2-P-GA acceleration requires further studies for in- 
terpretation. 
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The very fact of enzyme activation by mercury and silver in the con- 
centrations employed, as well as its extent, appears unique in the field of 
enzyme chemistry.2 The assumption of an indirect effect, by way of 
inactivation of an inhibitor, although perhaps not excluded, would fail to 
account any more satisfactorily than the hypothesis of a direct stimulant 
effect for the remarkable specificity of the influence of the heavy metals. 
The increased splitting of both monophosphoglyceric acids in conjunction 
with the apparent denaturation of the enzyme raises questions with 
regard to changes in substrate specificity. The data presented, only of 
an orienting nature, obviously invite a thorough study of the effect of 
other metals, the behavior of other substrates, and of the quantitative 
relations between metals and enzyme. 


SUMMARY 


An enzyme splitting 2 ,3- to 3-phosphoglyceric acid is present in skeletal 
muscle and may be partially purified by alcohol fractionation. Its ac- 
tivity is enhanced by 2-P-GA, Hgt*, and Ag+ ions and inhibited by 3-P- 
GA and Cut+. Other properties of the enzyme are described. 
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No or 


2? The acceleration of the activity of an enzyme splitting the phosphorus-fluorine 
linkage of alkyl fluorophosphate in an extremely narrow and low range of mercury 
concentrations, between 4 and 8 X 10-°M, with complete inhibition at higher concen- 
trations, as reported by Mazur (7), probably represents a different phenomenon. 
The author ascribed the effect to inactivation of an inhibitor. 
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THE OXIDATION OF REDUCED DIPHOSPHOPYRIDINE 
NUCLEOTIDE IN GREEN PEAS* 


By MARTIN B. MATHEWSt 
(From the Department of Chemistry, University of Chicago, Chicago, Illinois) 
(Received for publication, October 6, 1950) 


In a previous paper (1) it was shown that the formic dehydrogenase 
system in green peas consists of two separable enzyme activities. One 
activity catalyzes the oxidation of formic acid by diphosphopyridine 
nucleotide (DPN); the other activity catalyzes the reaction of reduced 
DPN (DPNH) with methylene blue (Mb). The properties of the latter 
system (the DPNH-oxidizing system) were investigated further. It was 
found that ascorbic acid could replace Mb in a reaction which was cya- 
nide-insensitive. The purpose of this communication is to present these 
later results and to discuss their probable significance in plant respiration. 


EXPERIMENTAL 


Materials and Methods—Cytochrome c was prepared from beef heart 
according to the method of Keilin and Hartree (2). The preparation 
contained 0.30 per cent iron compared to a theoretical value of 0.34 per 
cent iron. With use of the absorption coefficients of Theorell (3) for 
wave-length 550 muy, a solution assayed 2.82 X 107-7 mole of cytochrome 
c per cc., while in the same solution after reduction by sodium hydro- 
sulfite, 2.81 X 10-7 mole per cc. was found. This showed that the prepara- 
tion was comparatively free from colored impurities. Crystalline as- 
corbic acid was purchased from the Nutritional Biochemicals Corporation 
and assayed 99 + 1 per cent pure by direct titration with standard iodine 
solution. The methods and other reagents used were fully described in 
a preceding paper (1). 

Some Properties of DPNH-Oxidizing System—The DPNH-oxidizing ac- 
tivity was precipitated mainly in the range of 32 to 43 gm. of ammonium 
sulfate per 100 cc. of protein solution obtained from green peas and was 
accompanied by highly colored impurities which interfered with deter- 
mination of the absorption spectrum of the enzyme. ‘The principal con- 
taminants were heme proteins consisting in part of a peroxidase! similar 

* This work was supported by a grant to Dr. T. R. Hogness from the Rockefeller — 
Foundation. 

Tt Present address, Department of Pediatrics, University of Chicago. 

1The enzyme preparation shows a characteristic Soret band at 410 my. After 
reduction with sodium hydrosulfite this band is shifted to about 425 my, and two 


smaller bands with peaks at 530 and 560 my appear. The presence of peroxidase 
was indicated by the classical test with pyrogallol and hydrogen peroxide (4). 
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to Peroxidase I of Theorell (5). Other activities present (in Fraction 
P8) include cytochrome c reductase,? malic dehydrogenase, and Robison 
ester dehydrogenase. 

The DPNH-oxidizing activity in purified pea preparations was pre- 
cipitated in the presence of 60 per cent by weight of ethyl alcohol at 
temperatures below 0° in the presence of 0.01 m sodium phosphate buffer 
of pH 6.0, and was recovered with little loss if dried from the frozen state. 
Dialyzed solutions have been preserved for more than 3 months at — 15° 
with no noticeable loss in activity. A 20 per cent loss in activity results 
from heating for 5 minutes at 55°; 50 per cent loss of activity occurs 
after 5 minutes at 60°. Irreversible 100 per cent inactivation occurs 
below pH 6.0. The maximum purification obtained in any fraction was 
69-fold over the initial extract. Conditions encountered in unsuccessful 
attempts at further purification were similar to those described for formic 
dehydrogenase in the preceding paper. 

Reaction with Oxygen-—In aerobic experiments the enzyme did not 
catalyze the direct oxidation of DPNH by oxygen. The data are pre- 
sented in Table I. In the absence of Mb, DPNH was not oxidized when 
oxygen replaced air in the gas space (Experiments 1 to 3). In the absence 
of Mb, ‘‘old yellow enzyme” increased the rate of oxygen uptake. There 
was a further increase when oxygen replaced air in the gas space (Ex- 
periments 4 and 5). However, with Mb present, old yellow enzyme 
was without effect (Experiments 6 and 7). 

In a spectrophotometric test a preparation of old yellow enzyme oxi- 
dized DPNH at a rate which varied linearly with the DPNH concentra- 
tion and was independent of the presence of low concentrations of Mb. 
Thus, the DPNH-oxidizing activity differs sharply from that of old yellow 
enzyme and resembles heart flavoprotein. 

Oxidation of Reduced TPN (TPNH)—It was of interest to determine 
whether the DPNH-oxidizing activity could also catalyze the oxidation 
of TPNH. TPNH was oxidized in the presence of Mb and oxygen by 
all the enzyme fractions tested. The reaction was first order with respect 


2 The test for cytochrome c reductase was carried out spectrophotometrically, 
essentially in the manner of Haas, Horecker, and Hogness (6). The cell contents 
were 0.10 ec. of 0.12 m hexose monophosphate (HMP), 0.2 ec. of 0.05 m sodium phos- 
phate buffer at pH 7.4, 0.25 ce. of 0.0003 m cytochrome c, 0.020 mg. of triphospho- 
pyridine nucleotide (TPN), 0.1 cc. of enzyme, and distilled water to make 3.00 cc. 
The rate of reduction of cytochrome c was determined by following with time the 
increase in optical density at 550 mu. The reaction was first order with respect to 
oxidized cytochrome, 4 minutes being required to attain a 50 per cent reduction. 
No reduction was observed upon omitting TPN, HMP, or enzyme. The TPN of 
70 per cent purity was kindly furnished by Dr. Erie Conn of the Department of 
Biochemistry, University of Chicago. 
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to TPNH concentration. Since cytochrome c reductase (7) may have 
been present in sufficiently high concentration to account entirely for 
the observed rates of oxidation of TPNH, it was necessary to obtain 
the DPNH-oxidizing activity free of this enzyme. 

Fraction P8 was subjected to further fractionation with solid ammonium 
sulfate and dialyzed. The fractions precipitated in the range of 35 to 
48 gm. of ammonium sulfate per 100 cc. of solution were refractionated 
by a similar procedure. Only the fraction precipitated in the range of 
38 to 43 gm. of ammonium sulfate per 100 cc. of solution was found free 
of Robison ester dehydrogenase as well as cytochrome c reductase. This 
fraction (Fraction C) was used in subsequent tests. 


TABLE | 
Comparison of DPNH-Oxidizing Activity With “Old Yellow Enzyme’’ tn Oxidation 
of DPNH* 
Additions Gas space 
: mg. yell 0.2 cc. 0.5 uptake 
c.mm. per hr 
1 + + 12 
2 + 10 
3 + + 11 
4 + + 16 
5 + + 25 
7 + + + 51 


*The vessels included 0.5 ce. of enzyme (formic dehydrogenase and DPNH- 
oxidizing activity), 1.0 cc. of 0.5 m sodium phosphate buffer of pH 8.0, 0.25 cc. of 
0.0024 m DPN, and distilled water to make 3.0 cc., as well as the additions noted 
above. The center well contained 0.1 cc. of 20 per cent KOH. 


TPN was reduced by HMP and Robison ester dehydrogenase. The 
enzyme was completely inactivated by the procedure of adding alkali 
to pH 8.5 and heating for 5 minutes at 75-80°. The resulting solution 
of TPNH was adjusted to pH 8.0 and used immediately. It was found 
that TPNH was oxidized by the enzyme and Mb with an apparent first 
order rate constant equal, within experimental error, to that obtained 
when the same preparation oxidized DPNH. In the controls TPNH 
was not oxidized by either enzyme alone or Mb alone. In another test, 
the TPNH prepared was oxidized by old yellow enzyme with an apparent 
reaction rate constant about 7 times larger than that obtained when the 
same yellow enzyme preparation oxidized DPNH. (This agrees roughly 
with Haas’ value (8) of 10 as the ratio of the reaction constants for the 
two oxidations at 0°.) 
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The DPNH-oxidizing activity did not catalyze the reduction of cyto- 
chrome c by DPNH. No evidence for the presence of a DPN-cytochrome 
c reductase was found in any dialyzed fraction. 

Dependence of Enzyme Activity upon Mb Concentrattion—The DPNH- 


A 
° 
© 
0 3 4 
MINUTES 


Fic. 1. Dependence of enzyme activity upon Mb concentration. Curve 1, 1.8 X 
10-4 m Mb; Curve 2, 3.6 X 10-4 m Mb; Curve 3, 5.4 X 10-4 m Mb; Curve 4, 9.0 x 
10-4 m Mb; Curve 5, 18 K 10-4m Mb. Fraction P8-6 was used. 
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O 10 15 
(Mb) x10 
Fic. 2. Enzyme activity and Mb concentration. Plot of data shown in Fig. 1 


oxidizing activity (U) of an enzyme preparation was previously defined 
with a test employing an arbitrarily fixed concentration of Mb. The 
DPNH-oxidizing activity at other concentrations of Mb (Uy) was deter- 
mined by the same procedure under conditions which were otherwise 
unaltered except for the Mb concentration. The data, plotted in Figs. 
1 and 2, will be discussed later. 

Ascorbic Acid-Catalyzed Oxidation of DPNH—Oxidation of DPNH was 
observed spectrophotometrically when ascorbic acid was added to a mix- 
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ture of DPNH and enzyme. There was no oxidation when the enzyme 
was omitted. In the absence of ascorbic acid, a very slow oxidation of 
DPNH was noted with the less purified preparations of enzyme, but was 
undetectable with the best preparations. Dehydroascorbic acid, prepared 
by oxidation of ascorbic acid with iodine (9), could not replace ascorbic 
acid in the above system. 

Observations of the ascorbic acid-catalyzed oxidation of DPNH were 
also carried out manometrically with the formic dehydrogenase system 
to-supply DPNH. From Fig. 3 it is evident that DPNH oxidation is 
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Fic. 3. Ascorbic acid-catalyzed oxidation of DPNH in conjunction with formic 
dehydrogenase. The complete system contained 0.25 cc. of 0.5 m sodium formate, 
0.25 ec. of 0.0024 m DPN, 1.0 cc. of 0.5 m sodium phosphate buffer of pH 6.0, 1.0 cc. 
of enzyme (Fraction B), 0.1 mg. of ascorbic acid, and distilled water to make 3.0 
ec. with 0.1 ec. of 20 per cent KOH in the center well. Upper curve, complete system; 
middle curve, complete system less ascorbic acid; lower curve, complete system 
less formate or DPN. 


stimulated by a small quantity of ascorbic acid. The slow oxidation of 
DPNH_ observed in the absence of added ascorbic acid may be due to 
ascorbic acid retained by the enzyme preparation in a form resistant to 
dialysis; 7.e., protein-bound. 

Measurement of Activity Catalyzing Oxidation of DPNH with Ascorbic 
Acid—The assay for DPNH-oxidizing activity with ascorbic acid was 
earried out essentially as previously described for the method with Mb. 
The contents of the reaction cell were as follows: 0.05 ec. of DPNH, 1.0 
ec. of 0.5 mM sodium phosphate buffer of pH 6.0, 1.75 cc. of water, 0.1 ce. 
(0.1 mg.) of ascorbic acid, 0.1 cc. of enzyme. The rate of decrease of 
optical density at 340 my was linear with time. The activity of a prepara- 
tion (Z) is defined as the change in optical density per minute per gm. 
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of protein when the rate of change is in the range 0.008 to 0.012 log Jy/I 
unit per minute. 

When the reaction was carried out as described for the spectropho- 
tometric test in an evacuated Thunberg tube and the contents were added 
to the cuvettes 15 minutes after mixing, no drop in optical density was 
observed. However, the original rate of decrease was restored upon 
shaking with air. After complete oxidation was obtained, the original 
optical density could be restored by adding sodium borohydride. This 
indicates that the observed oxidation was probably the normal dehydro- 
genation of DPNH. The rate of enzymatic oxidation of DPNH with 
ascorbic acid was unaltered in the presence of 0.001 m HCN or catalase. 

The enzymatic activity with ascorbic acid was found to parallel the 
DPNH-oxidizing activity with Mb in ammonium sulfate-purified frac- 
tions which differed markedly in respect to the amounts of other enzyme 
activities which were present (Table II). 

An enzyme preparation (Fraction C) obtained free of Robison ester 
_ dehydrogenase after repeated fractionations* oxidized TPNH, with as- 
corbic acid present, at a rate less than 10 per cent of the rate with which 
DPNH was oxidized with ascorbic acid present. In an experiment previ- 
ously described with this same preparation TPNH and DPNH were 
oxidized at identical rates in the presence of Mb. 


DISCUSSION 


The maximum purification obtainable for the DPNH-oxidizing activity 
was insufficient to permit identification of the prosthetic group. How- 
ever, it is not unreasonable to expect that the activity is due to a flavin 
enzyme. In contradiction to the results of earlier experimenters (10), 
the evidence obtained here shows that the oxidation of DPNH catalyzed 
by pea preparations cannot be due to old yellow enzyme. 

Enzyme Activity and Mb Concentration—The linear plot obtained in 
Fig. 2 is suggestive of a simple relationship between enzyme activity and 
Mb concentration. If the following equilibrium 


(1) Mb + E = Mb-E 


is taken to represent the only mass relationship obtaining between enzyme 
and dye, the application of the law of mass action permits the direct 
statement of the relation: K.,. = (Mb)(E£)/(Mb-E) = (Mb)[Er — (Mb-- 
E)\/(Mb-£), and, after rearrangement of terms, 


(2) (Mb)/(Mb-E) = (Mb)/(Er) + Keq./(Er) 


* Complete absence of Robison ester dehydrogenase is necessary in order to avoid 
reduction of TPN in the presence of substrate introduced into the test by the TPNH 
solution used. 
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In this derivation, Aq. is the equilibrium constant and Ey represents the 
constant amount of enzyme present in all forms. Since Mb is present 
in great excess over the enzyme, the uncombined Mb present is consid- 
ered essentially equal to the total Mb introduced. 

The plot of the left-hand side of Equation 2 against (Mb) yields a 
straight line, as does essentially the plot of (Mb)/Uyp, versus (Mb) in 
Fig. 2. Thus, it appears that the enzyme activity (Uy) is dependent 
upon formation of a simple enzyme-dye complex.‘ However, elucida- 
tion of the exact relationship between enzyme activity and dye concentra- 
tion must await the preparation and use of pure enzyme. 


TaBLeE II 
Comparison of DPNH-Oxidizing Activities 


Enzyme fraction* Ut Z U:Z 
A 23 5.0 4.6 
B 11 2.5 4.4 
C 37 7.4 5.0 


* Fraction P8 was refractionated with ammonium sulfate to yield a fraction pre- 
cipitated in the range of 22 to 35 gm. of ammonium sulfate per 100 ce. of solution 
(Fraction B) and a fraction precipitated in the range of 35 to 48 gm. of ammonium 
sulfate per 100 cc. of solution (Fraction A). Fraction C, obtained by subfraction- 
ation of Fraction A, was described earlier. Formic dehydrogenase activity was 
concentrated in Fraction B and absent from Fraction A. Both Fractions A and 
B contained Robison ester dehydrogenase and cytochrome c reductase. These 
activities were absent from Fraction C. 

+ U, a measure of DPNH-oxidizing activity with an arbitrarily fixed concentra- 
tion of Mb, was defined in the preceding paper as the apparent first order reaction 
rate constant, calculated from the spectrophotometrically observed rate of de- 
crease of DPNH concentration, divided by the weight of the protein present. The 
activity of a preparation catalyzing the oxidation of DPNH with ascorbic acid 
(Z) 13 defined as the change in optical density at 340 my per minute per gm. of pro- 
tein when the rate of change is in the range 0.008 to 0.012 log J»/Z unit per minute. 


Ascorbic Acid-Catalyzed Oxidation of DPNH—It has not been possible 
to isolate activities which catalyze separately the oxidation of DPNH and 
the oxidation of TPNH with Mb. These activities may well belong to a 
single enzyme. However, an enzyme fraction has been obtained which, 


4 It is of interest that LuValle and Goddard (11) have recently proposed a general 
mechanism for enzymatic oxidation-reductions which requires the basic assump- 
tion, among others, that a ternary complex of electron donor, enzyme, and electron 
acceptor must be formed for the reaction to go to completion. Accordingly, the 
oxidation of DPNH would proceed through formation of the complex DPNH-E-Mb. 

5 Activities catalyzing the oxidation of DPNH and TPNH, respectively, with 
Mb have been recently studied in extracts of pea seedlings. These activities were 
found to have slightly different distributions among several fractions obtained by 
acetone precipitation (12). 
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in the presence of ascorbic acid, rapidly oxidizes DPNH and has little, 
if any, effect on TPNH. The data of Table II suggest that the same 
enzyme may utilize either Mb or ascorbic acid and molecular oxygen in 
an oxidation-reduction system with DPNH. 

The manner in which ascorbic acid functions in the oxidation of DPNH 
is not clear. Since the reaction is cyanide-insensitive, the participation 
of ascorbic acid oxidase and other heavy metal catalysts may be reasonably 
excluded. The lack of effect of catalase would appear to eliminate per- 
oxidase as a component of the system. Further, these same oxidants 
convert ascorbic acid to dehydroascorbic acid, which was found inactive. 

Ascorbic acid is slowly oxidized by molecular oxygen, even in the presence 
of 0.01 and 0.001 m cyanide, added to suppress the catalytic action of 
heavy metals (13). It is possible that this reaction produces a semi- 
quinone intermediate (monodehydroascorbic acid) which is utilized in 
the enzyme-catalyzed oxidation of DPNH. However, under completely 
physiological conditions, it is more likely that this intermediate would 
be produced by the reaction of ascorbic acid with an enzymatic oxidation- 
reduction system than directly with molecular oxygen. 

The work of James and Cragg (14) indicated that barley saps catalyze 
the oxidation of lactic to pyruvic acid by means of the ascorbic system. 
Evidence was obtained (15) which suggested that, in the expressed juice 
of barley seedlings, the oxidation of triose phosphate is also catalyzed by 
the ascorbic acid system. Added hexose phosphate increased the rate 
of oxygen uptake of preparations that had been fortified with ascorbic 
acid. <A larger increase was obtained upon addition of hexose phosphate 
to preparations which contained both DPN and ascorbic acid. Hexose 
phosphate did not change the rate of oxygen uptake of preparations to 
which ascorbic acid had not been added. It was proposed that DPNH 
was produced by dehydrogenase systems and then oxidized via the as- 
corbic acid system. This was the first indication that a physiological 
system other than glutathione is capable of being oxidized by the ascorbic 
acid system. Ascorbic acid was assigned a specific respiratory function 
as part of a DPNH-oxidizing system. 

In a study of formate oxidation by green peas, Davison (16) found 
that the simultaneous addition of ascorbic acid and sodium formate to 
crude extracts of green pea seedlings fortified with DPN gave an increase 
over the rate of endogenous oxygen consumption greater than that oc- 
casioned by the addition of either ascorbic acid or sodium formate singly 
to these extracts. The conclusion was drawn that the ascorbic acid 
oxidase system produced dehydroascorbic acid which oxidized the reduced 
coenzyme. While 0.001 m HCN almost completely inhibited ascorbic 
acid oxidase of green peas, it reduced the endogenous oxygen uptake of 
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an extract of seedlings only 18 per cent. Thus, the major part of the 
respiration remained unaccounted for by any known enzyme mechanism. 

Recently, similar observations of the stimulating effect of ascorbic 
acid on the rate of oxygen uptake of homogenates of wheat seedlings were 
reported by Waygood (17). The enzyme studied was malic dehydro- 
genase, which required DPN as coenzyme. Again, the data presented no 
conclusive proof that the ascorbic acid oxidase system is involved, since 
the activity of the malic enzyme system was found to be proportional to 
the cyanide concentration up to 1 M cyanide. The stimulating effect of 
cyanide was explained on the basis of the action of this reagent as a fixative 
for the product of the reaction (oxalacetate). However, it was not demon- 
strated that ascorbic acid oxidase of wheat was active in the presence of 
high concentrations of cyanide (the ascorbic acid oxidase of barley is 
completely inhibited by 0.001 m cyanide (16)). 

Direct spectrophotometric evidence has been presented in this communi- 
cation that DPNH may be oxidized in green peas by oxygen, ascorbic acid, 
and a soluble enzyme system that, apparently, does not include ascorbic 
acid oxidase. The prevailing assumption that ascorbic acid oxidase is 
involved in the oxidation of DPNH by homogenates of various plant tis- 
sues requires further investigation in view of the possible existence of an 
alternative mechanism also utilizing ascorbic acid. 


SUMMARY 


An enzyme preparation has been obtained from green peas which 
catalyzes the oxidation of DPNH by oxygen in the presence of either Mb 
or ascorbic acid in cyanide-insensitive reactions. The best preparation 
obtained by fractionation procedures was purified 69-fold over the initial 
extract. It catalyzed the oxidation of TPNH with Mb but not with 
ascorbic acid and oxygen. 

The oxidation of the reduced nucleotides was studied by both spec- 
trophotometric and manometric methods. With Mb, the reactions were 
first order with respect to each reduced nucleotide. With ascorbic acid, 
the reaction was zero order with respect to DPNH. The data suggest 
that the same enzyme may utilize either Mb or ascorbic acid and oxygen 
to oxidize DPNH. 

It is unlikely that ascorbic acid oxidase participates in the oxidation 
of DPNH occurring in the presence of ascorbic acid and enzymes from 
green peas. Ascorbic acid may be involved in ears mech- 
anisms of respiration of higher plants. 


I am deeply indebted to Dr. Birgit Vennesland for her kind advice 
during the course of this work. I am also grateful to Dr. T. R. Hogness 
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for placing at my disposal facilities and funds provided by the Rockefeller 
Foundation. | 
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By SAUL R. KOREY, B. pE BRAGANZA,f anp DAVID 
NACHMANSOHN 


(From the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


: (Received for publication, November 13, 1950) 


For the choline acetylating system the head ganglia of squid is a rich 
source (1). Conditions of optimal activity described in a preceding paper 
(2) for a particularly purified and active preparation of mammalian brain 
have now been applied to extracts of acetone-dried powder of squid gan- 
glia, and the specificity of the system has been tested. 

In synthetic reactions catalyzed by acetylcholinesterase, esters were 
found to be more reactive substrates than free acids. This transesterifi- 
cation is in agreement with the mechanism proposed for the catalysis of 
acetylcholine by acetylcholinesterase (3). The question appears of inter- 
est whether similar forces are active in the choline acetylating system. 
Experiments have been carried out to test the ability of the system to 
transacetylate O-acyl and N-acy] esters. 


Methods 


Preparation of Enzyme—40 to 60 gm. of frozen head ganglia of squid 
are homogenized in a Waring blendor with 100 to 150 ml. of cold 0.001 m 
NaeHPQO, buffer adjusted to pH 7. This suspension is poured into 3 liters 
of acetone kept at —2°. After 10 minutes the precipitate formed is filtered 
and reextracted with 2 liters of acetone. After 30 minutes the precipitate 
is filtered again and dried in air. About 2 gm. of powder are obtained per 
10 gm. of fresh tissue. The powder stored in a deep freeze at —10° 
retains its activity for more than 2 year. 

For extracting the powder a buffer solution of the following composi- 
tion is used: KCl] 0.17 m, MgCl, 0.00125 m, NazgHPO, 0.006 m adjusted to 
pH 7.0. The extraction is found to be most efficient if it is carried out at 
10° for 1 hour with 40 mg. of powder per ml. With larger amounts of 
powder the extraction is less efficient. The suspension is centrifuged at 
3000 r.p.m. for 3 minutes. The supernatant containing the enzyme in 
solution is added to a test mixture which consists of the following com- 

* This investigation was supported by a grant from the National Heart Institute 


of the National Institutes of Health, United States Public Health Service. 
+ B. de Braganza took part in the work on anionic specificity. 
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ponents in final concentration: choline chloride 20 um per ml., sodium 
acetate 20 um per ml., cysteine (Merck) 20 um per ml., CaCl, 2.5 um per 
ml., MgCl. 1.5 um per ml., KCl 65 um per ml., NazHPO, 3.5 um per ml., 
tetraethyl pyrophosphate 1.5 um per ml., adenosinetriphosphate 6 um per 
ml., coenzyme 2 mg. per ml. The pH is adjusted to 7.0 to 7.2. The 
coenzyme is a barium salt of an acetone- and alcohol-fractionated prepara- 
tion of hog liver.? 

Determination of Products—For the determination of the final products 
both the chemical method and bioassay have been used. Acetylcholine 
or other similar acyl esters formed are determined colorimetrically by 
means of their stoichiometric reaction with hydroxylamine (Hestrin (4)). 
All reactants are tested for their effect upon the intensity of color produced 
by the iron-hydroxamic acid complex. Bioassay of the esters is carried 
out in the usual way by use of the reaction of the frog rectus abdominis to 
standard solutions of acetylcholine (5). 


Results 


Effect of pH—The enzymatic synthesis of acetylcholine in the prepara- 
tion used has a maximum at pH 7. The esterification as a function of 
pH is shown in Fig. 1. 

Initial Rates of Formation—As is seen in Fig. 2, the rate of formation 
shows a definite induction time. Following the addition of enzyme to the 
incubation mixture, a relatively slow rate is observed during the first 
15 minutes. The rate of synthesis becomes greatly accelerated during the 
next 15 minutes. This high rate of synthesis is followed by a phase of 
gradually decreasing rate of formation. Since the amounts of acetyl- 
choline formed during the initial periods of synthesis are too small for 
accurate colorimetric determination, the rates were determined by bio- 
assay. When lactate or pyruvate is substituted for acetate, the esterifica- 
tion shows a similar course of initial rates. 

The maximum yield of acetylcholine obtained is 150 mg. of ester per 
gm. of protein per hour if calculated on the basis of the amount formed 
within the Ist hour. Calculated on the basis of the period of greatest 
velocity of synthesis, the maximum is about 300 mg. per gm. per hour. 

Salt Effect—For the determination of the specificity substrates are added 
in varying concentrations. The effect of indifferent salt concentrations 
upon the activity of the enzyme would provide an indication as to the 
limits of the concentration of the substrates which may be substituted for 
acetate or choline. Since sodium chloride has been found to have little 
or no specific activity upon the enzyme, the effect of increasing its concen- 


1 The hog liver preparation has been kindly supplied by Parke, Davis and Com- 
pany. 
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: trations has been tested. Concentrations of NaCl up to 100 um per 


ml. had no effect. Sodium chloride in a concentration of 200 um per ml. 
200 
100 
1 
1 
5.0 60 7.0 8.0 90 
pH 

e Fic. 1. pH dependence of the choline acetylating system extracted from acetone 
f powder of squid ganglia. @ chemical determination, A bioassay. 
ACETATE 
t E 

~ 
f 
sai. LACTATE 100 UM 

r o 20 PYRUVATE 40 juM 
] J 
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] TIME IN MINUTES 
Fic. 2. Esterification rates of choline by the choline acetylating system prepared 
“ from squid ganglia. Concentrations of substrates per ml., choline 20 um, acetate 20 
€ uM, lactate 40 um (@) and 100 wm (O), and pyruvate 40 uM. 
r 
e reduced synthesis to 60 per cent; 300 um per ml. to 40 per cent. At 
= still greater concentrations the synthesis was insignificant. : 
Specificity of Choline As Substrate—The replacement of choline by vari- | 

f ous alkylated ethanolamines in the reaction mixture leads to esterification 
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only in the case of the dimethyl] derivative (Table 1). The amount esteri- 
fied as determined by the colorimetric method was as high as that of the 
control. In contrast, no biological activity of the enzymatically formed 
dimethylaminoethyl acetate was found. The absence of biological ac- 
tivity of this compound was tested by using synthetically prepared ester. 
In concentrations 100 times as great as that of acetylcholine, dimethy]- 
amino ethyl acetate was found to be inactive. Higher concentrations were 
not tested. No esterification was obtained when monomethyl-, diethyl-, 
or ethanolamine was substituted in concentrations either comparable 
or 5 times greater than that of choline. The negative results obtained 
with still higher concentrations may be questioned in view of the salt 
effect. 


TABLE 


Esterification by Choline Acetylase System Prepared from Acetone-Dried Powder of 
Squid Ganglia; Effects of Substituting Alkylated Ethanolamine for Choline 


The discrepancy between chemical and biological determinations indicates the 
difference of biological activity of the product. In the last two columns the in- 
hibitory effect upon the complete system is shown. Diethylethanolamine and 
ethanolamine have no effect on synthesis or inhibition. 


Inhibit ffect i 
area Ester formed presence of choline 
tion 
Chemical Biological Chemical Biological 
um per mil. per cent per cent 
Control (with choline) 20 310 310 
Dimethylethanolamine 20 310 0 0 44 
* Monomethylethanolamine 20 0 0 
100 | 0 0 18 18 


When dimethylethanolamine and choline were added simultaneously to 
the system, the amount of product determined colorimetrically was the 
same as that of the control. The bioassay, however, yielded 44 per cent 
of the control value. This indicates that the dimethyl derivative com- 
petes effectively with the trimethyl and that the enzyme makes virtually 
no distinction between them. Monomethylethanolamine, on the other 
hand, scarcely inhibited the formation of acetylcholine. Here the amount 
of acetylcholine formed was the same whether determined by bioassay or 
chemically. This is consistent with the observation that no product with 
this substrate is formed in spite of its apparent interference with the en- 
zymatic reaction. No inhibition is observed with ethanolamine or diethyl- 
ethanolamine. | 

Esterification of Carboxylic Acids uith Choline—Of the many members 
of the groups of fatty acids, substituted carboxylic acids, di- and tricar- 


ie 


KOREY, DE BRAGANZA, AND NACHMANSOHN ~ 709 


boxylic acids, and amino acids tested, with only few was esterification in 
significant amounts observed in the reaction mixture used. The positive 
data are summarized in Table IT. 

Propionic acid is esterified at a rate about 50 per cent of that of acetic 
acid (at equal concentrations). Butyric acid at the same concentrations 
does not show measurable esterification. After increasing their concen- 
tration 5 times that of acetate, propionic acid is esterified at a rate com- 
parable to that of acetate, whereas butyric acid remains a relatively in- 
active substrate. 


TABLE II 
Esterification of Carboxylic Acids with Choline by Choline Acetylase System of Squid 
Ganglia 
Samples of the test mixture were taken at intervals for determination. The 
figures given are the yields obtained after an incubation period of 24 hours. 


Microgram equivalents formed per ml. 
Substrate Concentration 
Chemical Bioassay 
uM per ml. 
Acetate 20 280 280 
Propionate 20 140 140 
100 250 250 
Butyrate 20 0 0 
100 53 59 
Lactate 20 98 
100 146 
Pyruvate 20 28 
100 108 
L-Glutamate 100 118 121 
Nicotinate 60 28 30 
100 95 118 


The esterification with lactic and pyruvic acids cannot be followed 
chemically, since a high initial reading is obtained colorimetrically owing 
to the formation of the corresponding oximes. However, the rate of esteri- 
fication may be determined by bioassay. Both lactic and pyruvic acids 
lead to active products, as shown in Fig. 2. It has not yet been 
ascertained whether these acids have been used directly or after conver- 
sion to another substrate, t.e. acetic acid. 

Among the many amino acids tested, only glutamic acid was found to 
be esterified. The product formed gave identical results whether deter- 
mined by bioassay or by the colorimetric method. 

Nicotinic acid also yielded an ester. The product formed gave irregu- 
lar results if tested by bioassay. It is possible that this compound affects 
the muscle in a manner different from that of acetylcholine. Bioassay 
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is only reliable when a standard solution is available. Thus propionyl- 
choline and butyrylcholine have been found to have only 70 to 80 per cent 
of the biological activity of an equivalent amount of acetylcholine. On 
the other hand, if a standard solution is available, comparison between the 
two methods makes it possible to determine the amount of ester formed 


TaBLeE III 
Inhibition of Choline Acetylating System of Squid Ganglia by Carboxylic and Amino 
Acids 
In the cases in which inhibition was insignificant at 20 um per ml., only the effects 
of higher concentrations are presented. 


Per cent inhibition 
Compound Concentration 
, Colorimetric Bioassay 
um per mil. 

Propionate 20 30 30 
Butyrate 100 25 20 
Pyruvate 20 20 
100 60 

Lactate 20 20 
100 35 

Malate 100 25 30 
Malonate 100 60 65 
Fumarate 100 15 20 
Succinate 20 10 15 
100 55 60 

Citrate 20 15 25 
L-Glutamate 100 25 25 
Nicotinate 100 70 70 
Nicotinamide 100 45 
Benzoate 20 25 25 
100 45 45 

Pheny! acetate 20 60 65 
60 25 90 

100 100 100 


and also to evaluate its biological activity, as in the case of dimethyl- 
aminoethyl acetate. 

Inhilition of Synthesis of Acetylcholine by Carboxylic Acids—The anionic 
compounds listed in Table III inhibit the acetylation of choline in the test 
mixture used in varying degrees. Other substances tested, as for instance 
glycine, alanine, aspartic acid, arginine, glutamine, nicotinic acid, and 
decarboxylated amino acids, had no significant effect. 

Transacetylation—Synthesis of acethydroxamic acid and choline esters 
catalyzed by acetylcholinesterase proceeds at a much higher rate if esters 
are used instead of free acids (3). When acetyl esters replaced acetate in 
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the system under investigation, acetylcholine formation is observed. As 
shown in Table IV, the degree of transacetylation varies. Bioassay was 
used exclusively for these determinations. Colorimetric determination is 
impossible in view of the high blanks obtained with O-acyl esters. It has 
to be kept in mind that the test mixture always contains tetraethyl pyro- 
phosphate which abolishes all esterase activity, as has been repeatedly 
demonstrated. In addition, direct controls were made in which the en- 
zyme in the absence of choline and coenzyme did not hydrolyze the esters 
tested under the conditions of the experiment. Consequently a primary 
cleavage, followed by condensation of the liberated acetate, has been ex- 
cluded. 


TABLE IV 
Transacetylation Catalyzed by Choline Acetylating System of Squid Ganglia 


O-Acyl and N-acyl compounds were substituted for acetate as substrate in the 
usual incubation mixture. Several readings were made at intervals; the figures 
given represent the yield obtained at the end of a 3 hour incubation period. 


Ester formed 
Substrate Concentration 
Chemical Bioassay 
uM per mi, y per ml. y per ml. 
Acetate (control) 20 350 350 
Ethyl acetate 25 20 
600 80 
Triacetin 20 230 
Monoacetin 20 150 
Acetylglycine 100 242 220 
Acetyl-L-alanine 100 87 90 
Acetyl-.L-lysine | 100 68 70 


When N-acyl compounds were used, no synthesis catalyzed by acetyl- 
cholinesterase was observed (3). In contrast, the system under investi- 
gation catalyzes the esterification of choline in the presence of the a-N- 
acetyl derivatives of glycine, L-alanine, or L-lysine. In these cases the 
colorimetric method and bioassay were used and yielded comparable re- 
sults. 


DISCUSSION 


The complexity of the enzymatic system for the acetylation of choline 
suggests a priori that more than one reaction is involved. The slow initial 
period of the esterification indicates indeed a reaction required for and 
preceding that of the acetylation of choline. In the light of recent obser- 
vations (6-8), it may be assumed that several reactions are involved and 
that the final step in the formation of acetylcholine is catalyzed by a spe- 
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cific enzyme. When, in 1943, the first acetylation in cell-free solution was 
obtained with adenosinetriphosphate as the energy source (9), the various 
components of the system were not yet defined. Since the acetylation 
was achieved with choline as substrate, the name choline acetylase was 
introduced. The obvious participation of more than one enzyme requires 
a new definition of the name choline acetylase. This term should be re- 
served for the enzyme apparently specifically concerned with the transfer 
of acetate from the intermediate product to choline and will hence be used 
in this more limited sense. 

The relative specificity of choline acetylase for the cationic substrate 
offers two interesting aspects. It is surprising that the enzyme makes no 
distinction between three and two methyl groups, but that with one methy] 
group or none the activity drops sharply. One probable explanation may 
be that choline acetylase has an anionic site similar to that in acetylcho- 
linesterase, whose properties have been analyzed recently (10-12). It 
seems that the attraction of the methylated nitrogen by dispersion forces 
plays an essential réle in the binding between choline acetylase and sub- 
strate. The binding of the cationic nitrogen by an anionic site may be 
necessary to bring the alcohol in the appropriate orientation to react with 
the carboxylic group of the acid. The presence of the third methylated 
group does not appear to be essential. This is supported by experiments 
on acetylcholinesterase in which similar effects have been observed (I. B. 
Wilson, unpublished data). In the case of ethanolamine and monomethyl- 
ethanolamine the dispersion forces are apparently too weak for binding 
the substrate to the enzyme. The inability of the enzyme to esterify 
diethylethanolamine may possibly be attributed to the interference of 
steric factors. 

However, still more remarkable is the absence of any biological activity 
of dimethylaminoethyl acetate comparable to that of acetylcholine, as 
also noted by Stehle et al. (13). It appears likely that the receptor pro- 
tein has features similar to the two enzymes catalyzing the hydrolysis and 
synthesis of acetylcholine. The action of curare and curare-like com- 
pounds strongly supports this view (14). If there is an anionic site in the 
receptor protein, as various facts indicate, it is difficult to understand the 
reason for such a striking contrast in biological activity between two and 
three methylated nitrogens. 

Krayer and his associates observed that dimethylethanolamine affects 
the conductive mechanism of the heart (15). This pharmacodynamic 
action may be interpreted as a successful competition of dimethylethanol- 
amine with choline in the esterification process. The formation of an in- 
active product instead of acetylcholine may well interfere with the con- 
ductive mechanism. 
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As to the specificity of the anion, increasing the length of the acyl chain 
from 2 to 4 carbons decreases the rate of esterification. It is interesting 
that this variation of the length of the acyl chain affects the esterification 
in a way similar to the hydrolysis of that by acetylcholinesterase. The 
outstanding feature of the hydrolysis by that enzyme in contrast to that 
by other types of esterases is the effect of the length of the acyl chain (16). 

In the complex system with which we are dealing it is difficult to be 
certain of the products formed unless they are identified. This is especi- 
ally true in the case of pyruvate and lactate, for which the possibility exists 
of their conversion to acetate prior to the esterification of choline. Esterifi- 
cation with L-glutamic acid is of interest in view of the wide distribution 
and special réle of this amino acid in brain. Such an esterification has 
also been observed with purified extracts prepared from acetone-dried 
powder of mammalian brain (unpublished data). The product formed 
has yet to be identified, but it is noteworthy that both chemical determina- 
tion and bioassay give equivalent results. 

The inhibition by carboxylic acids in relatively high concentrations may 
give an indication of the possible binding forces involved in the catalytic 
reaction. The importance of the electrophilic carbon of the carbonyl 
group in the enzymatic hydrolysis by acetylcholinesterase for the binding 
and for the formation of an intermediate common to all reactions catalyzed 
by this enzyme has been recently discussed (3). In the synthetic process 
catalyzed by the choline acetylase system similar groups in the active sur- 
face of the specific enzyme may exist, possibly even in that of another 
enzyme acting upon the carbonyl of the acetyl group. The absence of an 
inhibitory action of a-amino acids may be attributed to the decreased 
charge of the positive carbon. In the case of nicotinic acid at pH «0 the 
nitrogen is uncharged, and therefore the carbon of the carbonyl group 
appears to have an adequate positive character. The importance of car- 
bonyl groups in inhibiting the enzyme is supported by the observation of 
the inhibitory action of a-keto acids in low concentrations (17, 18). In 
such low concentrations the inhibition depends on the degree of purity of 
the enzyme (1). 

The contrast between the inhibitory action of aspartic and glutamic 
acids may be attributed to the difference of the distance between the 
nitrogen and the reacting carboxyl groups which presumably are adjacent 
to the amino group. However, the alternative possibility exists of pyr- 
rolidonecarboxylic acid formation, in which case the a-carboxyl may be 
the reacting group. 

The réle of the coenzyme of acetylation, discovered simultaneously by 
Lipton in Barron’s laboratory (19), Lipmann and Kaplan (20), and Nach- 
mansohn and Berman (21), has increasingly attracted the attention of 
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several investigators. Stadtman and Barker have observed an enzyme 
which transfers acetate from acetyl phosphate to inorganic phosphate in 
the presence of the coenzyme (7). They call this enzyme, which they ex- 
tracted from Clostridium kluyveri, transacetylase. The observations of 
Ochoa and his associates indicate that dehydrogenation of pyruvic acid 
plus diphosphopyridine nucleotide may go through an intermediate, pre- 
sumably acetyl coenzyme, to acetyl phosphate if inorganic phosphate and 
Stadtman’s transacetylase are present, or to citric acid in the presence of 
oxalacetate and the condensing enzyme which they obtained in crystal- 
line form. The transacetylation from esters described here requires adeno- 
sinetriphosphate. One possible explanation may be an intermediate for- 
mation of acetyl enzyme by using the energy of adenosinetriphosphate 
prior to the formation of acetyl coenzyme. In the presence of choline and 
choline acetylase acetyl coenzyme may be an acetyl! donor for choline. 

It is remarkable that esterification may be catalyzed by the system from 
acetylated amino acids. So far no C—WN bond has been found to be cata- 
lyzed by acetylcholinesterase in transesterification reactions. The trans- 
esterification observed with acetyl-substituted a-amino acids suggests that 
they may be used as acetyl donor. If this is the case, the system would 
be able to break C—N linkages. Experiments are in progress to decide 
this question and will be reported in a following paper. 


SUMMARY 


Studies on the specificity of the choline acetylating system extracted 
from acetone-dried powder of squid ganglia have revealed the following 
facts. 

1. Dimethylethanolamine is esterified at the same rate as choline. The 
ester formed is biologically inactive. 

2. Other cationic substrates tested, ethanolamine, monomethylethanol- 
amine, and diethylethanolamine, are not esterified. 

3. The rate of esterification decreases sharply as the length of the acyl 
chain increases from 2 to 4 carbon atoms. 

4. Among a great number of carboxylic acids tested pyruvate, lactate, 
glutamate, and nicotinate were found to form esters. 

5. Many carboxylic acids, but not amino acids with the exception of 
glutamic and nicotinic acids, were found to interfere with the esterifica- 
tion reaction. 

6. The catalysis of transacetylation from esters has been demonstrated. 

7. Esterification has also been observed in presence of a-acetylamino 
acids. 


8. The probability of an anionic site in the choline acetylase and the 
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forces acting between enzyme and substrate in the reactions observed 
have been discussed. 

9. The name choline acetylase has been redefined in the light of recent 
developments. 


The authors want to thank Miss Laura Ponticorvo and Mrs. Ruth 
Mitchell for their technical assistance. 
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Thyroxine has been repeatedly shown to effect an accelerated over-all 
differentiation and maturation of animals (1-5). More recently, interest 
has been focussed on changes and rate of change which might be brought 
about in specific tissues. In this latter type of study articular cartilage 
and bone have been observed particularly. The opinion is expressed 
that, in the case of the cartilage, thyroxine influences primarily its matura- 
tion (6). It was therefore of interest to see whether in the suckling rat 
this maturation effect under the influence of thyroxine was linked to the. 
metabolism of sulfate sulfur in the cartilage. Since thiouracil has been 
shown to inhibit the activity of the thyroid (7), a study of its effects was 
also made. 


EXPERIMENTAL 


All the rats were 7 days old at the time the labeled sodium sulfate! 
was injected intraperitoneally. They were suckled by rats fed Purina 
fox chow ad libitum. 

In the experiments on the effect of thiouracil on the uptake of S** by 
the knee-joint cartilage, the sucklings in each of the litters used were di- 
vided as equally as possible into two groups. One group was given 4 mg. 
of thiouracil, as an aqueous suspension in 0.2 ml. of water, by intraperi- 
toneal injection on the 5th, 6th, and 7th days of life. All the rats in these 
experiments were sacrificed at 24 hours after administration of the labeled 
sodium sulfate. 

In the experiments on the effect of thyroxine on the uptake of S** by the 
knee-joint cartilage, each litter was again divided into two groups. One 
group in each litter was pretreated with 200 y of thyroxine on the 4th and 
7th days, on the 6th and 7th days, or only on the 7th day of life. The 
thyroxine was administered intraperitoneally in a slightly alkaline solu- 
tion prepared by dissolving 5 mg. of thyroxine (Squibb, crystals) in 2.5 
ml. of water to which 1 drop of N sodium hydroxide had been added. With 
one exception, the rats were sacrificed at 24 hours after the administration 
of the labeled sodium sulfate. . 


1 The S*5 used in this investigation was supplied by the Oak Ridge National Labo- 
ratory on allocation from the United States Atomic Energy Commission. 
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An attempt to determine whether it would be possible to counteract 
the effect of thiouracil by the concurrent administration of thyroxine was 
made. In these experiments each of the rats in the treated group was 
given 4 mg. of thiouracil on the 5th, 6th, and 7th day of life. These 
thiouracil-treated rats also received 50, 100, or 200 y of thyroxine. They 
were all sacrificed at 24 hours after the administration of labeled sodium 
sulfate. 

In the experiments on the effect of thiouracil or thyroxine on the rate 
of disappearance of S*5 from the knee-joint cartilage, each litter was again 
divided into two groups. Starting on the 8th day of life, 24 hours after 
the administration of labeled sodium sulfate, the rats in one group in 
some of the litters were each given 4 mg. of thiouracil daily by intraperi- 
toneal injection. In other litters, the rats in one of the groups were each 
given 200 y of thyroxine intraperitoneally on the 8th day of life and sub- 
sequently 100 y doses on the 10th and 12th days of life. These rats were 
sacrificed at intervals. 

The knee-joints on removal were trimmed of extraneous tissue and im- 
mediately weighed in a small stoppered vial. They were then transferred 
to porcelain evaporating dishes and dissolved in 1 ml. of N sodium hydrox- 
ide by warming on a hot-plate. 5 ml. of a 0.05 N sodium sulfate solution 
were added, followed by 5 ml. of Denis’ reagent (8). The subsequent prep- 
aration of barium sulfate samples for the determination of radioactivity 
was essentially as previously described (9). 

The S** concentration in blood samples was also determined as previously 
described (10). 3 

The results obtainable in regards to S** concentration by the use of 
Denis’ reagent for oxidation of cartilage or blood were found to agree 
with those obtained with sodium peroxide in a Parr bomb. 

Humeri, thyroids, and adrenals from some of the rats in all the experi- 
ments were fixed in 3.7 per cent formalin. Sections were subsequently 
stained with hemotoxylin and eosin. 


RESULTS AND DISCUSSION 


A summary of the experiments on the effect of thiouracil and thyroxine 
administration on the uptake of S**, given as sodium sulfate, by the articu- 
lar cartilage of suckling rats is given in Table I. 

From the results obtained in Experiment 1-TL (Table I), it would seem 
that pretreatment with thiouracil does decrease the uptake of S** by the 
cartilage. The question arose, however, at this point as to whether these 
results might not be due to a dilution of the administered sulfate sulfur 
by sulfate sulfur originating in the metabolism of the thiouracil. Schul- 
man and Keating (11) found that thiourea, labeled with S** and injected 
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intraperitoneally into rats, was metabolized to some extent. Within 48 
hours, 98 per cent of the activity was excreted in the urine. Of this ac- 
tivity, 6 per cent was in the form of inorganic sulfate and 6 per cent in the 


TABLE I 


Effect of Thiouractl and Thyroxine Administration on Uptake of Sulfate Sulfur (S*5) 
by Articular Cartilage of Suckling Rat 
All the rats were 7 days old at the time the labeled sodium sulfate was injected 
intraperitoneally. Each animal was given 1 mg. of the salt (262,500 + 340 c.p.m.) 
and sacrificed 24 hours later, except as otherwise indicated. All values for radio- 
activity have been corrected for self-absorption and decay. 


Experiment No. [© 7 Activity Treatment 
ey c.p.m. per 100 mg. 

1-TL-Cf 7| 246 + 19 6,900 + 100 | 16) 4 mg. thiouracil per day on 5th, 

1-TL-Ef 8} 152 + 20} 5,800 + 400 6th, and 7th day of life 

2-TL-Ct 3} 415 + 21 | 10,200 + 400 18) Same 

2-TL-Et 3} 247 + 6! 8,280 + 390 

1-T-C 8| 260 + 23 | 6,290 + 170 | 17) 200 7 thyroxine on 4th and 7th 

1-T-E 8| 150 + 12/| 5,200 + 160 day of life 

2-T-C 4,199 + 7/} 5,710 + 104 | 12) 200 y thyroxine on 6th and 7th 

2-T-E 4,184 + 18; 5,030 + 175 day of life 

3-T-C 10; 234 + 11 | 6,780 + 152 | 200 y thyroxine on 7th day of 

3-T-E 10} 231 + 17 | 6,700 + 156 life 

4-T-C§ 8, 945 + 19 | 4,930 + 255 | 7| 200 y thyroxine on 6th and 7th 

4-T-E§ 8! 858 + 21 | 4,580 + 197 day of life . 

1-T-TL-C 7,170 + 9 | 6,040 + 122 23) 4 mg. thiouracil per day for 3 days 

1-T-TL-E 8 934 7, 4,625 + 143 as in Experiment 1-TL, 50 y 
thyroxine on 6th and 7th day 
of life 

2-T-TL-C 7/181 + 10! 5,700 + 110 | 18} Same as above, except 100 y thy- 

2-T-TL-E 8| 85+ 5| 4,650 + 156 roxine 

3-T-TL-C 7; 190 + 12 | 6,050 + 295 | 5] Same as above, except 200 y thy- 

3-T-TL-E 7,150 + 8! 5,740 + 157 roxine 


* Per cent difference calculated as 100 X (control value less experimental value) / 
(control value). 

t In numbering the experiments the letters C and E were selected to designate 
control and treated groups, respectively. 

t Each rat received 4 mg. of labeled sodium sulfate. 

§ The animals were sacrificed 6 hours after administration of the labeled sodium 
sulfate. 


form of ethereal sulfate sulfur; 12 per cent of the sulfur was therefore oxi- 
dized to sulfate. The major portion of the thiourea was excreted un- 
changed. Whether or not thiouracil behaves similarly in the rat is not 
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known, but, since structurally it is in some respects similar to thiourea, 
it may qualitatively have a similar fate. 

With the above possibility in mind, in Experiment 2-TL (Table I) the 
animals were given 4 mg. of labeled sodium sulfate to minimize any dilution 
of the labeled sulfur by unlabeled sulfur originating from the metabolism 
of thiouracil. The results of this experiment speak against the possibility 
that the decreased uptake of S** by the knee-joint cartilage under the 
influence of thiouracil is due to a dilution effect of the labeled sulfur. 

Confirmation of the thiouracil effect was sought in Experiments 1-T, 
2-T, and 3-T, in which it was expected that the administration of thyroxine 
would promote an increased uptake. Instead, as is apparent from the 
data recorded in Table I, depending upon the duration of the pretreatment, 
there was either a decrease in the uptake of S** or no change. Although 
these results were not expected, an explanation presented itself. On 
microscopic examination of sections of humerus from animals pretreated 
with thyroxine it appeared that the cartilage was accelerated in its matura- 
tion, as indicated by development of secondary ossification centers, roughly 
in proportion to the extent of pretreatment. In addition, there may have 
been an increased excretion of $*5, a possibility suggested by the lower 
blood levels in the treated animals. That thyroxine has an effect on 
electrolyte excretion has been reported (12). 

In a further attempt to demonstrate an accelerated uptake of S*® by 
the knee-joint cartilage in sucklings under the influence of thyroxine, 
Experiment 4-T was run. It was considered possible, perhaps, to demon- 
strate an increased rate of uptake if the cartilage were removed before its 
capacity to hold sulfate sulfur was reached. The rats in this experiment 
were, therefore, sacrificed at 6 hours after the administration of labeled 
sodium sulfate. Even under these conditions the concentration in the 
cartilage of the thyroxine-treated rats was found to be lower than in that 
of their controls. The difference in concentration, however, was less 
marked than that found in Experiment 2-T at the end of 24 hours. 

Under the proper conditions of thyroxine concentration and time of 
pretreatment it perhaps would be possible to demonstrate an increased 
rate and uptake of S**. These necessary conditions have not been sought. 
Instead, Experiments 1-T-TL, 2-T-TL, and 3-T-TL, in which both the 
thiouracil and thyroxine were administered concurrently, were run. These, 
as can be seen in Table I, indicate that as one increases the dose of thyrox- 
ine the thiouracil effect is decreased. 

More successful were the experiments on the effect of thiouracil and 
thyroxine on the disappearance of S** already deposited in the knee-joint 
cartilage (Fig. 1). From the data in Fig. 1 it is apparent that thiouracil 
treatment retarded the rate at which the S** concentration decreased in 


aaa 
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the cartilage, whereas under the influence of thyroxine this process was 
accelerated. In agreement with these results were the observations made 
microscopically on the epiphyseal cartilage of the humeri. At 120 and 


o—o Controls 
x—-—« Thiouracil treated 
Thyroxine " 


Activity in cartilage, cpm per 100 mg. 
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24 12 120 168 
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Fig. 1. Effect of thyroxine and thiouracil on the disappearance of S** from the ar- 
ticular cartilage of suckling rats. Each rat was given 0.5 mg. of labeled sodium sul- 
fate (131,250 + 240 c.p.m. of S*5) in aqueous solution by intraperitoneal injection on 
the 7th day of life. The thiouracil-treated rats received 4 mg. of thiouracil as an 
aqueous suspension daily by intraperitoneal injection, starting with the 8th day of 
life. The thyroxine-treated animals were given 200 y of thyroxine intraperitoneally 
on the 8th day of life and subsequently 100 y doses on the 10th and 12th day of life. 
All values for radioactivity were corrected for self-absorption and decay. The 
probable error of each average value is indicated by the vertical line through that 
value. The number of animals used in obtaining a particular average value is shown 
by the numeral directly to the right of a plotted value. 


168 hours after the administration of labeled sodium sulfate, the secondary 
ossification centers appeared to be less well developed in the thiouracil- 
treated rats than those in the controls. On the other hand, the develop- 
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ment of secondary ossification centers in the thyroxine-treated animals, 
at 120 and 168 hours, was more advanced than that of the controls. 

Microscopic examination of sections of thyroids and adrenals removed 
from some of the rats treated with thiouracil or thyroxine did not indicate 
that any remarkable change had occurred in either during the course of the 
experiments. 

In the thiouracil-treated animals gain in body weight was less than that 

in the controls. Thyroxine treatment affected gain in body weight only 
slightly. At the end of 168 hours the average weights for the controls, 
thiouracil-treated, and thyroxine-treated rats were 29.5, 21.8, and 27.9 
gm., respectively. 
In all of these experiments thiouracil seemed to inhibit the uptake of 
S*>, administered as sodium sulfate, by the knee-joint cartilage. It like- 
wise retards the rate of decrease in S* concentration therein. Whether 
this is due to an effect solely on the thyroid, whereby production and secre- 
tion of thyroxine are decreased, or whether the thiouracil acts to some 
extent on other processes is not clear. The decreased uptake by the 
cartilage is reflected by a lower concentration of S** in the blood. In 
any event, the inhibition by thiouracil can be overcome by thyroxine, which 
by itself also effects a decreased uptake of the S** by the cartilage. This 
latter effect is explainable on the basis of accelerated maturation of car- 
tilage and its replacement by bone and marrow, without or with only a 
limited further growth of the cartilage. This is probably also the explana- 
tion for the observed acceleration in the rate of decrease in S** concentra- 
tion of the knee-joint cartilage under the influence of thyroxine. 

Examination of the data on hand, for the most part on the control 
animals in the experiments discussed above, reveals a relation of dose of 
labeled sodium sulfate administered to the resultant concentration of S* 
found in the articular cartilage 24 hours later. These data are presented 
graphically in Fig. 2. As a fair approximation the results fit the expres- 
sion y = k (x)/(m + x), where yis the activity in counts per minute per 100 
mg. of cartilage, z is the dose of labeled sodium sulfate administered, and 
m is the pool of sulfate, expressed as sodium sulfate, with which the ad- 
ministered isotope is diluted in the animal organism. Solutions for m 
give values which average 0.61 mg. with k as 10.3 K 10%. Rats 7 to 8 days 
old weigh about 14 gm., of which 80 per cent is body water (13). Assuming 
that the concentration of inorganic sulfate sulfur is about 2 mg. per cent 
in this fluid (the sulfate sulfur concentration in ultrafiltrates of rat plasma 
has been reported at about 2 mg. per cent (14)), one arrives at a value of 
about 1 mg. of sodium sulfate in the body water of these animals.  Alter- 
natively, one might consider that only the extracellular fluid, which is the 
more immediate dilutang medium, comprises about 25 per cent of the ani- 
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S; mal body weight and is more like the plasma in electrolyte composition 
(15, 16). The value then obtained is 0.31 mg. of sodium sulfate. These 

d values, very rough approximations, may be regarded only as indicative of 

le the range within which the value of m might be expected to fall. 
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From the above considerations it would appear that the value 0.61 mg. 
calculated for the data is a reasonable one, particularly since it is not the 
instantaneous concentration of the diluting pool. It must, instead, be 
regarded as the summation of all the diluting increments over a period of 
24 hours, whether they are of metabolic or exogenous origin. Loss due 
to excretion is also involved. It is the effective mass of diluent, akin to 
sodium sulfate, during the time the S** was being deposited in the car- 
tilage. 

Further analysis of the data, on the assumption that practically all of 
the S** retained in the cartilage at the end of 24 hours is retained therein 
in a combined form, probably as chondroitin sulfate (10, 17), is of interest. 
In this analysis it was considered that an approximation of the effective 
specific activity of the S** in the circulating fluids of the animal organism 
would be given by s = So (x)/(x + m), where s is the effective specific 
activity (average specific activity during the experimental period), so is 
the administered specific activity, m is the mass of diluent in the animal 
organism, akin to sodium sulfate, and z is the mass of labeled sodium 
sulfate administered. 

The factor by which the effective specific activity would have to be 
multiplied to obtain the value of the originally injected specific activity 
would decrease as the dose of administered labeled sodium sulfate in- 
creased: (x + m)/zx or, when m = 0.61 mg., 1 + 0.61/z. <A series of such 
factors would also seem applicable in the correction to true mass of a ma- 
terial deposited with the isotope incorporated therein at the various doses 
of isotope given. 

In Table II (Column 6) are given the data pertinent to the calculation 
of the mass of chondroitin sulfate formed in 24 hours per 100 mg. of knee- 
joint cartilage. It is worthy of note that the amounts of chondroitin 
sulfate calculated to have been deposited at different levels of intake fall 
within rather narrow limits. This is the more remarkable since in most 
instances the amount of administered labeled sulfate exceeded the mass 
of sulfate indicated to be originally present in the animal organism. 

Since the weights of the knee-joint cartilage from rats that were 8, 10, 
12, and 14 days old were known, it was possible to extrapolate for the 
weight of the knee-joint cartilage in the 7 day-old rats. The increase in 
the weight of the knee-joints from the 7th to the 8th day of life was found 
thereby to be about 1] mg. The average weight of both knee-joints com- 
bined at the 8th day of life has been found to be about 56 mg. If then an 
average mass of 0.134 mg. of chondroitin sulfate is deposited per 100 mg. 
of cartilage in 24 hours, 7th to 8th day of life (Column 6, Table IT), 0.56 
X 0.134 or 0.075 mg. should have been deposited in the 56 mg. of knee- 
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joint cartilage analyzed. This increment of chondroitin sulfate corre- 
sponds to an increase of 11 mg. of cartilage. The concentration of chon- 
droitin sulfate in the newly deposited cartilage would be, therefore, 100 
X 0.075/11 or 0.68 per cent or 5.8-per cent dry weight. This value is 
much lower than any value previously reported for the concentration of 
chondroitin sulfate in cartilage (18-23). However, if one considers that 
at 24 hours subsequent to its administration the S** concentration 1s great- 
est in the region of the most mature cartilage cells and not at the locus of 


TABLE II 


Rate of Chondroitin Sulfate Formation Corrected for Varying Doses of Administered 
Labeled Sodium Sulfate 


Adm nistered | 


Sodium sulfate ound per a2SO, deposit Sulfate (g) form 20 ¢ Sulfate orm 
| 10 ME, cartilage per 10 me per 100 mg. cart.) C1 + pe 
(1) (2) (3) (4) (S$) (6) 
mg. per cent meg. me. mg. 
0.2 5.0 0.010 0.035 4.05 0.140 
0.5 3.2 0.016 0.054 2.22 0.120 
1.0 2.4 0.024 0.080 1.61 0.129 
2.0 1.5 0.030 0.100 1.30 0.130 
4.0 0.97 0.039 0.130 1.15 0.150 
Average... 0.134 


* Calculated from Column 3 with 475 as the equivalent weight of chondroitin 
sulfate. 

t Correction factor taking into account dilution of administered labeled sodium 
sulfate by material in animal organism. Consult the text for further explanation. 


0.61 


where g is the appropriate value from Column 4. 


those newly formed,’ the discrepancy is not real. The relation of mass 
of newly formed cartilage to mass of chondroitin sulfate deposited in 24 
hours appears to be one in time only. The labeled chondroitin sulfate is 
not primarily deposited in the newly formed cartilage. 


SUMMARY 


The concentration of S**, administered as sodium sulfate to 7 day-old 
rats, was found to be lower in the knee-joint cartilage if the animals were 
pretreated with thiouracil. 

Thyroxine administration, depending upon the extent of pretreatment, 
either decreased the uptake of the S** or had no effect. 


§ Dziewiatkowski, D. D., unpublished work. 
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726 EFFECT OF THYROXINE ON S** DEPOSITION 


The effect of thiouracil on the uptake of the S** by the knee-joint carti- 
lage could be counteracted by the concurrent administration of thyroxine. 

The rate at which the S®*® concentration decreased in the knee-joint 
cartilage was found to be slower in the thiouracil-treated suckling rats 
and faster in the thyroxine-treated animals than in untreated litter mates. 

The decreased uptake by and the increased rate of disappearance of S* 
from the knee-joint cartilage of thyroxine-treated suckling rats appear to 
be due to an accelerated maturation and differentiation of the cartilage 
under the influence of administered thyroxine. 

The administration of sodium sulfate of constant specific activity in 
progressively increasing doses leads to the retention of increasing amounts 
of S** by the articular knee-joint cartilage of suckling rats. The fraction 
of the dose retained, however, decreases with increasing dose. 

From the data presented a calculation is made of the approximate mass 
of chondroitin sulfate deposited in the knee-joints in the 24 hours between 
the 7th and 8th day of life of the suckling rat. 


It is a pleasure to acknowledge the advice and interest of Dr. V. P. 
Dole in the analysis of the data on the relation of dose of sulfate-S* to 
the concentration of this isotope found in the articular cartilage at the 
end of 24 hours. 
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ENZYMATIC HYDROLYSIS OF STEROID HORMONE ESTERS BY 
BLOOD SERUM* 
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ROBERT E. KATHERMAN 


(From the Chemical Laboratory, Santa Barbara Cottage Hospital Research Institute, 
Santa Barbara, California) 
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In recent years the concept of the specificity of enzyme action has been 
subjected to revision. The proteolytic enzymes (1) have been shown to 
have esterase activity and the concept of a blood esterase as distinct from 
a blood lipase is no longer tenable (2). The enzymatic hydrolysis of the 
steroid hormone esters by blood sera (3) had not been suspected until solu- 
bility determinations of the esters in sera accidentally established the phe- 
nomenon, possibly because the nearest chemical analogues, the cholesterol 
esters, are not hydrolyzed to any measurable extent by serum esterases (4). 

The present report is a quantitative study of the enzymatic hydrolysis 
of esters of two phenolic estrogens, estradiol and estrone, by mammalian 
sera and a comparison with analogous phenol and naphthol esters, fats, 
and cholesterol esters. It was necessary to develop a method based on the 
Folin-Ciocalteu (5) phenol reaction for the quantitative estimation of en- 
zyme activity. The esters studied were the benzoates of phenol, 8-naph- 
thol and estradiol, pheny] stearate, estradiol dipropionate, the acetates of 
estrone and phenol, sodium estrone sulfate, and estrone palmitate. 

Analytical Principle—To undiluted sera or sera diluted with 6 per cent 
bovine albumin solution is added the substrate ester in ethanol, so that the 
final concentration of ethanol is 10 per cent and the ester is completely dis- 
persed. The enzymatic reaction is terminated by precipitation at 80 per 
cent ethanol concentration, proteins being removed which would react with 
the phenol reagent. Liberated phenols are determined in aliquots of the 
ethanol filtrate, and details of the procedures and proofs for recovery follow. 

Analytical Determination of Phenol—The extracted residue of the 80 per 
cent ethanol filtrate of undiluted sera was found to produce a precipitate 
or heavy opalescence when subjected to the Folin-Ciocalteu reaction. Fil- 
tration or centrifugation removed some of the blue color. The use of 0.5 
per cent lauryl sodium sulfate (SLS) as the reaction medium was found to 


* This is Contribution No. 7 to the general topic, ‘‘The state and distribution of 
steroid hormones in biologic systems.’’ 

This investigation was supported (in part) by a research grant (C-1176) from the 
National Cancer Institute of the National Institutes of Health, United States Public 
Health Service. 
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disperse the interfering material and did not interfere with the Folin-Cio- 
calteu reaction. Estradiol benzoate is not hydrolyzed to any measurable 
extent at the pH of the Folin-Ciocalteu reaction, while esters like estrone 
acetate are. Since the Folin-Ciocalteu reagent is rapidly destroyed during 
the reaction, it is feasible in the latter instance to add the Folin-Ciocalteu 
reagent first, the alkali last. The analytical procedure finally adopted 
follows. ‘To an aliquot of the ethanol filtrate evaporated 2n vacuo in a tube 
standardized for optical measurement, or to a chloroform or acetone ex- 
tract of such a residue evaporated to dryness, is added 0.5 cc. of ethanol. 
The residue is carefully moistened with the ethanol. 6 cc. of 0.5 per cent 
SLS are now added and the mixture rotated until solution is completely 
effected. 0.5 cc. of a 1:4 dilution of Folin-Ciocalteu reagent is added, and 
finally 1 cc. of 20 per cent Na2CO; solution. Appropriate standards in 
ethanol (0.05 to 0.10 mg. in the case of estradiol) are added to blanks and 
treated in the same way. The blue color is read on a photocolorimeter 
after the reaction has proceeded 20 minutes at room temperature. Beer’s 
law, even with high non-phenolic chromogen blanks superimposed, was 
followed over a 3-fold range of concentration. The color that 8-naphthol, 
estradiol, and estrone develop in the Folin-Ciocalteu reaction as compared 
with phenol is less than would be expected on a molecular weight basis. 
The color intensities for equal weights of phenol, 8-naphthol, estradiol, 
and estrone are respectively 1.00, 0.47, 0.25, and 0.27. On a molecular 
weight basis these ratios would be 1.00, 0.65, 0.35, and 0.34. The pro- 
portionality between 8-naphthol and the estrogens is reasonably close. 
For a 8-naphthol standard, Eastman 8-naphthol was recrystallized from 
hot water and dried over calcium chloride. 

For those phenol esters which are hydrolyzed enzymatically by a low 
concentration of serum, the extent of hydrolysis may be measured directly 
by employing a 1 cc. aliquot of the original 80 per cent ethanol filtrate and 
the same volumes of SLS, NasCO3;, and Folin-Ciocalteu reagent. A larger 
volume of ethanol cannot be used, as a precipitate will form. 

Enzyme Reaction—Albumin was found to be an ideal diluent of the se- 
rum in the enzyme reaction. It is highly bacteriostatic and disperses the 
steroid esters in fairly high concentrations. A 6 per cent Armour crystal- 
line bovine albumin solution (0.5 per cent NaCl) was found to have a pH 
of 5.3. 1.5 volumes of this solution added to 1 volume of rabbit or human 
serum produced a pH of 7.0 + 0.1. If further dilution of the serum was 
required, a 6 per cent albumin solution adjusted to pH 7.0 was employed. 

For a control, serum was heated for 1 hour at 63° and treated as the un- 
heated serum. 

A typical determination is as follows: Tube 1, 0.5 cc. of human serum, 
0.75 cc. of albumin, pH 5.3, 3.75 cc. of albumin, pH 7.0, 0.5 cc. of ethanol 
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plus 1.0 mg. of estradiol benzoate. Incubated 3 hours at 40°; then 19.5 cc. 
of ethanol are added. Tube 2, same as Tube 1, with heated serum. Tube 
3, same as Tube 1, without estradiol benzoate. Tube 4, same as Tube 2, 
without estradiol benzoate. In order to measure spontaneous hydrolysis 
during incubation, Tube 5 is used in which the estradiol benzoate is added 
after incubation just prior to the addition of ethanol to stop the reaction. 

Serum Blank—In working with undiluted sera it was found that the se- 
rum blank for heated bull serum was slightly but significantly higher than 
that obtained for unheated serum, and it was necessary to process both 
blanks. In diluted sera this difference becomes negligible. For human 
sera, diluted 2:5 the heated serum gave a blank which was 102 + 1 per 
cent of the unheated serum blank. For rabbit serum diluted 1:25, the 
heated serum blank was 101 + 2.5 per cent of the unheated serum blank. 
The similar results were obtained for rat and pigeon blood. 

Recovery of Phenolic End-Products—For human or rabbit serum diluted 
with albumin solution (1:5 or higher), whether intact or heated for 1 hour 
at 63°, the ideal recovery of estradiol, estrone, or phenol is attained by pre- 
cipitation with ethanol at 80 per cent concentration, followed by evapora- 
tion of the filtrate in vacuo at room temperature and analysis of the residue 
without further extraction. For groups of six to eight determinations in the 
above twelve experiments, the recoveries ranged from 96 + 2 to 105 + 1 per 
cent.! In these experiments the estradiol concentration was 0.1 mg. per 
cc., the estrone concentration was 0.05 mg. per cc., and the phenol concen- 
tration was 0.2 mg. per cc. When extraction of the residue with acetone 
or chloroform is required, as it is when higher concentration of serum is 
used, the recovery ranged from 76 to 89 per cent, if precipitation at 80 per 
cent ethanol was used, whether the filtrate was evaporated in vacuo at 
room temperature or at 99° on the water bath. 

The recovery of estrone from bull sera by 80 per cent ethanol precipita- 
tion of proteins and subsequent extraction of the alcohol-soluble portion 
with chloroform was 99 + 1.3 per cent (six determinations). In the case 
of rabbit serum the recovery under similar conditions was about 90 per 
cent. Substituting acetone for chloroform reduced the recovery to about 
80 per cent. Raising the ethanol concentration to 90 per cent did not im- 
prove the recovery. 

Spontaneous Hydrolysis—Because of its resistance to spontaneous hy- 
drolysis, estradiol benzoate is ideally suited as an enzyme substrate. By 
using human serum inactivated by heating 1 hour at 63°, the total hydroly- 
sis of estradiol benzoate in a concentration of 0.18 mg. per cc. was only 2 

1 The latter figure was for phenol and was significantly higher than the recoveries 


for estradiol or estrone, indicating possibly that phenol is not held by the water- 
ethanol bound by the precipitated proteins. 
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+ 1.4 per cent, under the combined effects of 6 hours incubation at 40°, 
alcohol precipitation and filtration, evaporation 7n vacuo at room temper- 
ature (24 hours), acetone extraction and evaporation, and reaction at the 
alkaline pH of the phenol reagent. By running a simultaneous blank for 
inactivated serum, this hydrolysis is perfectly controlled in the measure of 
enzyme activity. In contrast, phenyl acetate, incubated for 0.5 hour and 
determined directly in the alcohol filtrate, was hydrolyzed to the extent of 
14 per cent, when the phenol reaction was initiated by adding first the 
Folin-Ciocalteu reagent and then the sodium carbonate. Phenyl benzoate 
was hydrolyzed to the extent of 4 per cent during 3 hours incubation, but 
during the processing for analysis the total was raised to 14 per cent. With 
the readily hydrolyzable substances like estrone acetate and phenyl ace- 
tate, an error up to 15 per cent is introduced if the conventional method of 
subtracting the blank for heated serum from the value obtained for un- 
heated serum is used to calculate enzyme activity. We have, therefore, 
limited our kinetic studies to estradiol benzoate. A maximum error of 15 
per cent must be considered for our values by using readily hydrolyzable 
substrates. Since we are, however, more interested in studying order of 
magnitude of enzyme hydrolysis than kinetics, an error of this magnitude 
does not affect interpretation of results. 


DISCUSSION 


Albumin As Dispersing Agent—6 per cent bovine albumin was used as a 
diluent for the sera in the enzyme determinations because, at a concentra- 
tion of 0.2 mg. of steroid hormone ester per cc., it disperses the substrate, 
and even at 0.4 mg. per cc. of concentration most of the hormone ester 
remains dispersed. It was of interest to ascertain whether the albumin 
affected the enzyme activity. The steroid hormone esters are too insoluble 
to be dispersed in phosphate buffer at the concentration required for the 
analytical determination, but phenyl acetate is sufficiently soluble so that 
a comparison of phosphate buffer (1/75 mM) with albumin could be made. 
For human serum diluted 1:200, pH 7.0, there was ho significant difference 
between the two media (the values in albumin were less). For rabbit 
serum, however, the enzymatic action in albumin solution was more than 
double that in phosphate buffer solution. The dilution was 1:1000, in 
another experiment 1:2000. This is an example of the character of the 
enzymes in different species. Gum ghatti was found to serve as well for 
rabbit serum as albumin. Both probably serve as a protective colloid. 
Experiments were performed in a 2 per cent gum ghatti solution, pH 7.1, 
to ascertain whether or not crystalline trypsin or crystalline chymotrypsin 
(Armour bovine) would have any hydrolytic effect upon estradiol benzoate 
under the experimental conditions of our standard serum procedure. The 
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results showed that less than 1 y per 90 y of enzyme was hydrolyzed in 30 
minutes at 40°. This amount approached the experimental error. 

Influence of Ethanol—Ethanol has a definite inhibiting effect on the en- 
zyme reaction, but unfortunately it cannot be dispensed with in the prep- 
aration of the substrate serum solution. It was found for rabbit serum, 
1:50 dilution, that, under conditions in which a 4.5 per cent ethanol con- 
centration yielded 26 per cent hydrolysis with estradiol benzoate, 9.0 per 
cent ethanol concentration reduced hydrolysis to 19 per cent, and 18 per 
cent ethanol concentration to 13 per cent. 

Estradiol Benzoate in Human Serum and Rabbit Serum—In contrast to 
rabbit serum, undiluted human serum has an inhibitory effect upon en- 
zyme activity and the maximum hydrolytic effect is not attained until the 
serum is diluted 1:5. On further dilution enzyme activity is proportional 
to enzyme concentration. While only one example is given in Table I, 
this has been demonstrated for three other sera, viz., 0.24 versus 0.25, 0.09 
versus 0.09, and 0.14 versus 0.14 mg. of steroid per cc. of serum in 1:5 versus 
1:10 dilutions. Undiluted rabbit serum (also rat serum) will hydrolyze 
90 per cent of the ester, while undiluted human serum will hydrolyze only 
18 per cent of the ester. On dilution, human serum will hydrolyze five 
times as much ester per cc. of serum. | 

In the case of rabbit serum, enzymatic hydrolysis is proportional to 
time and is independent of substrate concentration if the amount hydro- 
lyzed is under 40 per cent. This is not true for human serum, which shows 
a falling off of activity with time. For rabbit serum, therefore, the en- 
zymatic hydrolysis is clearly shown to be of zero order. By using the 
dilution of enzyme as a criterion, this also applies to human serum (after 
the inhibitory effect has been abolished), but the kinetics with time as a 
criterion do not satisfy the requirements for a zero order reaction. 

Rabbit serum enzyme action is not sensitive to pH over the range 6.8 to 
8.0. In the range, 6.5 to 7.7, human serum shows a slight increase in ac- 
tivity with increase in pH. 

Pathologic Conditions—In an attempt to ascertain the réle, if any, of the 
enzymatic hydrolysis of steroid hormone ester, the values for a number of 
human pathological cases were determined with estradiol benzoate as sub- 
strate. These included hypo- and hyperthyroidism, rheumatoid arthritis, 
primary anemia, diabetes mellitus, pregnancy, hypercholesterolemia, bone 
destruction with high alkaline phosphatase, carcinoma of the prostate with 
high acid phosphatase, and pancreatitis. 

With the exception of pancreatitis, the values for human sera range from 
0.08 to 0.19 mg. of estradiol liberated per cc. of serum in 3 hours. Pools 
of four to six sera chosen at random range from 0.12 to 0.14. The values 
for the four cases of pancreatitis and the one case of postpancreatitis were 
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TABLE I 


Enzymatic Hydrolysis of Estradiol Benzoate by Rabbit and Human Sera As Influenced 


by Serum Dilution, Substrate Concentration, pH, and Time 


Substrate con- : 
Species Serum dilution Reaction pH 
diluted serum hydrolysis cc. serum 
mg. 
Human | Undiluted 0.18 8.3 18 0.03 
2:5 0.18 7.0 22 0.08 
1: 0.18 7.0 19.5 0.14 
1:10 0.18 7.0 10 0.14 
1:10 0.18 7.0 10 0.15 
1:5 0.36 7.0 8.5 0.12 
1:5 0.36 7.0 15 0.21 
1:5 0.36 7.0 20 0.28 
1:5 0.36 7.0 23 0.33 
1:5 0.18 6.5 15 0.105 
1:5 0.18 7.4 16 0.115 
1:5 0.18 7.7 17.5 0.125 
Rabbit | Undiluted 0.18 30 | 87 
2:5 0.18 7.0 30 96 
1:10 0.18 7.0 30 73 
1:31 0.18 7.0 30 24.5 1.1 
1:31 0.36 7.0 30 13 1.2 
1:62 0.36 7.0 30 6 1.0 
1:25 0.18 5.6 30 12.5 0.47 
1:25 0.18 6.8 30 23 0.83 
1:25 0.18 7.0 30 24+ 0.5 0.87 
1:25 0.18 7.7 30 23.5 0.85 
1:25 0.18 8.0 30 24.5 0.88 
1:25 0.18 8.8 30 22 0.79 
1:50 0.18 7.2 30 19 1.4 
1:50 0.36 7.2 30 10 1.4 
1:50 0.18 7.2 60 39 2.9 
1:50 0.36 7.2 60 21 3.0 
1:50 0.18 7.2 90 50 3.7 
1:50 0.36 7.2 90 30 4.4 
1:50 0.18 7.2 120 64 4.6 
1:50 0.36 7.2 { 120 36 5.2 


all high, two values of 0.25 being the highest.’ This elevation is, however, 
slight when compared with the precipitous increase in serum amylase 
which, in the cases studied, ranged from 500 to 1000 per cent of the upper 


normal. 


The lipase as determined for two of these sera was increased 200 
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to 500 per cent over the upper limit of normal. In contrast to that of es- 
tradiol benzoate, the enzymatic hydrolysis of estrone palmitate for these 
two sera was not increased over the normal. 

Possible Esterification of Estradiol—Proof of the cholesterol esterase sys- 
tem of serum is based on the observation that upon incubation the free 
endogenous cholesterol of serum decreases and the cholesterol ester frac- 
tion increases. Esterification of added cholesterol paradoxically is not 
affected (4). 

The possibility of steroid ester synthesis has been investigated because 
undiluted or weakly diluted human serum does not produce the degree of 
enzymatic hydrolysis of estradiol benzoate or propionate manifested by 
highly diluted serum, the degree of hydrolysis falls off with time, and the 
endogenous cholesterol i3 esterified. 

On incubating a 2:5 dilution of human serum with a concentration of 
0.4 mg. of estradiol per cc. for 6 hours at 40°, pH 7.0, the recovery of estra- 
diol was 99 per cent. Repetition of the experiment with 1 mg. of sodium 
benzoate added per cc. gave a recovery of 99.5 per cent. Incubation of 
undiluted human serum, pH 8.3, for 19 hours at 40°, with a concentration 
of 0.4 mg. of estradiol per cc., gave a recovery of 101 per cent. Under 
these conditions there is no indication of esterification. 

On studying the esterification of cholesterol by serum, it was found that 
sodium glycocholate inhibits esterification in human serum and actually 
promotes hydrolysis in dog serum (6). 

The influence of sodium glycocholate in a concentration of 4 mg. per cc. 
was tested with undiluted human serum. 0.25 mg. of estradiol benzoate 
was used per cc. of serum. Incubation was carried on for 3 hours at 40°. 
8.7 per cent hydrolysis was noted for a sample run without glycocholate 
and 7.6 per cent hydrolysis resulted in the presence of glycocholate. In 
this experiment the reaction pH was 8.1. The experiment was repeated 
with serum diluted 1:5 with bovine albumin, the substrate having a pH of 
7.2. Similar results were obtained, 9.1 per cent hydrolysis occurring with- 
out glycocholate, 8.3 per cent with glycocholate. An analogy with choles- 
terol is therefore not indicated. 

Structure and Esterase Activity—A comparison of the enzyme activities 
of rabbit and human sera for nine esters is given in Table II. The enzym- 
atic hydrolysis in all cases was performed at 40°, in sera diluted with 6 per 
cent bovine albumin at pH 7.0 + 0.1. In most cases the reaction time was 
30 minutes. When no activity was measurable in this interval of time, the 
reaction was continued (for sodium estrone sulfate and estrone palmitate 
as long as 24 hours), but the values given are for 30 minutes, based on the 
kinetics observed for estradiol benzoate. 

If the three benzoates, phenyl, naphthyl, and estradiol, are compared, 
there is little difference on a weight basis in the degree of hydrolysis pro- 
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duced by rabbit serum. But a profound difference exists in the case of 
human serum, increase in the molecular weight of the alcohol producing a 
decrease in enzymatic hydrolysis. If the basis of comparison is molecular 
weight, then rabbit serum also shows an enhanced action for the lower 
molecular weight alcohol. It will be noted that human serum has a slightly 
greater effect upon phenyl benzoate than has rabbit serum, but the reverse 
is true for estradiol benzoate, rabbit serum being thirty times as effective. 

In the case of estradiol dipropionate it was not possible to measure hy- 
drolysis at the 17-alcoholic OH group, but only at the 3-phenolic group. 
Rabbit serum has a profound enzymatic effect in contrast to human serum. 


TaBLeE II 
Comparison of Enzymatic Hydrolysis of Nine Phenol Esters including Five Steroid 
Hormone Esters by Rabbit and Human Sera 
30 minutes action at 40°. 


Rabbit serum Human serum 
Dilution of |Phenol liberated| Dilution of |Phenol liberated 
serum per cc. serum serum per cc. serum 
mg. még. 
Phenyl benzoate............... 50 X 0.96 50 X 1.65 
B-Naphthyl benzoate.......... 25 X 1.20 10 X 0.063* 
Estradiol 25 X 0.95 10 X 0.027 
Phenyl stearate............... 10 X <0.01 5 X <0.002* 
Estradiol dipropionate......... 500 X 16.2 10 X 0 .040* 
Estrone acetate............... 250 X 6.4 | 100 X 6.8 
Phenyl 2000 X 74 | 200 X 2.9 
Estrone sodium sulfate........ 5 <0.004* | 5 <0.002* 
5 X <0.002* | 5 xX <0.002* 


* Incubation period longer than 0.5 hour, but results calculated on 0.5 hour basis. 


Enzymatic action of rabbit or human serum on sodium estrone sulfate 
consistently produced a small but definite amount of hydrolysis. Seven 
experiments were performed with rabbit and human sera in a pH range of 
7.0 to 8.0 and in dilutions of 2:5 to 1:10. The degree of hydrolysis cor- 
responded to 2 to 4 times the sensitivity of the optical instrument. The 
hydrolysis of sodium estrone sulfate is apparently non-specific, though it 
confirms the observation of Huggins and Smith (7), who were able to dem- 
onstrate slight phenolsulfatase activity in sera. 

The results for estrone palmitate? were comparable to those for sodium 


2 Estrone palmitate was prepared in this laboratory by a method described for 
testosterone palmitate (8). After two crystallizations from methanol and ethanol, 
the corrected melting point was 73.5-74.0°. The melting point remained unchanged 
after three subsequent crystallizations from ethanol and 2-propanol. Free estrone 
was less than 0.5 per cent (Folin-Ciocalteu reaction). The estrone content, with 
estrone as a standard in the Zimmermann reaction, was 53.4 per cent (theory 53.1 
per cent). The melting point given by Miescher and Scholz (9) is 75.5-76.0°. 
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estrone sulfate. Eight experiments were performed with rabbit and hu- 
man sera. The slight amount of hydrolysis produced was 1 to 3 times the 
sensitivity of the optical instrument. In addition, the clinical test of 
Comfort and Osterberg (10) for human serum lipase was duplicated as 
nearly as possible, estrone palmitate being substituted for olive oil. The 
hydrolysis of estrone palmitate was 0.01 times that of olive oil (ce. of 0.05 
n NaOH). 

Physiologic Deductions—The summation of these enzyme studies indi- 
cates that the esters of estradiol and estrone hold an intermediate position 
between the simple phenols on one hand and cholesterol on the other. The 
steroid acetate and propionate are readily hydrolyzable, the benzoate less 
so, and the palmitate very resistant to hydrolysis. Estrone palmitate and 
phenyl] stearate are much more resistant to hydrolysis than is glycerol pal- 
mitate. It is unlikely that the acetates, propionates, or benzoates of the 
steroids could exist in mammalian blood. However, it is quite probable 
that the palmitate or sulfate could be transported with little change and 
these compounds are, therefore, of physiologic interest. The inhibiting 
action of undiluted human serum, as compared with rabbit serum, is also 
of physiologic interest. 


SUMMARY 


In contrast to rabbit serum, undiluted human serum has an inhibitory 
effect upon the enzymatic hydrolysis of estradiol benzoate and dipropio- 
nate. 

The enzymatic hydrolysis of estradiol benzoate by rabbit serum is a zero 
order reaction. The enzymatic hydrolysis by diluted human serum is 
proportional to concentration, but falls off with time. 

The enzymatic titer of human serum, with estradiol benzoate as sub- 
strate, is raised in pancreatitis. There is no significant change with es- 
trone palmitate. 

Esterification of estradiol by serum, as in the case of cholesterol, could 
not be demonstrated. ; 

The structure of either the phenolic or the acidic components of the ester 
had as profound an effect upon the degree of enzymatic hydrolysis as did 
species. The influence of ester structure observed for sera of one species 
was not correlated with that in another. Of the nine compounds studied, 
phenyl stearate, estrone palmitate, and sodium estrone sulfate were the 
most resistant to hydrolysis, the acetates of phenol and estrone the most 
readily hydrolyzed. 


We are indebted to the Schering Corporation for the estradiol benzoate, 
estradiol dipropionate, and estradiol, to Parke, Davis and Company for the 
estrone and estrone acetate, to Ayerst, McKenna and Harrison, Ltd., for 
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the sodium estrone sulfate, and to Miss Dorothy Dillon, Dr. John P. Blan- 
chard, and Dr. J. Jerome Rupp for the pathologic sera. 
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STUDIES ON THE BIOSYNTHESIS OF OVALBUMIN* 


By CHRISTIAN B. ANFINSENT anp DANIEL STEINBERG} 


(From the Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts) 


(Received for publication, October 23, 1950) 


Linderstrgm-Lang and Ottesen have reported the discovery of a bac- 
terial enzyme which brings about the transformation of ovalbumin to a 
new, easily crystallizable protein, plakalbumin. Unlike other proteolytic 
processes, this reaction seems to involve the rupture of a limited number of 
peptide bonds, with the release of only slightly over 1 per cent of the total 
ovalbumin nitrogen (1, 2). Villee, Linderstrgm-Lang, and Ottesen report 
that this nitrogen corresponds to 6 amino acid residues (3 alanine, 1 
glycine, 1 valine, 1 aspartic acid) which appear as a “hexapeptide” and 
its split-products (3).! 

In the present experiments this proteolytic reaction has been applied 
to samples of radioactive ovalbumin prepared by the incubation of minced 
oviduct tissue with C'4O, (4). Aspartic acid from the hexapeptide (non- 
protein nitrogen) fraction could then be isolated and the specific activity 
of its carboxyl carbons compared with the average specific activity of all 
the aspartic acid residues from the plakalbumin fraction. In every case, 
the specific activity of the hexapeptide aspartic acid residue was much 
higher than that of the plakalbumin aspartic acid residues (approximately 
31 residues (5)). The ratios of these specific activities varied from 1.3:1 
to 3.5:1. 

These data, showing a marked difference in the way in which amino acid 
residues are introduced into different points in the molecule, might be 
interpreted as indicating the synthesis of peptide intermediates prior to 


the biosynthesis of ovalbumin molecules. Other possible interpretations 
will be discussed in a later section. 


* This work was supported in part by the Atomic Energy Commission and the 
American Cancer Society. 


+ Present address, National Heart Institute, National Institutes of Health, Be- 
thesda, Maryland. 

t Fellow of the American Cancer Society. 

192 per cent of the non-protein nitrogen split off is accounted for by three peptide 
fractions: (a) a hexapeptide containing the 6 residues listed above, (b) a tetrapeptide 
(1 alanine, 1 glycine, 1 valine, 1 aspartic residue), and (c) a dipeptide (alanylalanine) 
(3). For convenience, the term hexapeptide will be used i in this paper to refer to the 
entire non-protein nitrogen split off. 
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Methods and Results 


Biosynthesis and Purification of C!4-Ovalbumin—Laying hens were sacri- 
ficed by decapitation and the oviduct was removed. The tissue was finely 
minced with scissors and 20 gm. were transferred to 500 cc. flasks contain- 
ing 50 cc. of inorganic medium (Na 77.5, K 77.5, Cl 115 mm per liter, 
5 per cent C'40,-O.).2 After incubation for periods varying from 1 to 6 
hours, the flasks were chilled and the contents homogenized and cen- 
trifuged. The clear supernatant was adjusted to pH 5 and taken to 40 
per cent saturation with ammonium sulfate, and the precipitate discarded. 
By adjusting to the isoelectric point (pH 4.7) and increasing the ammonium 
sulfate concentration, ovalbumin was crystallized directly from the super- 
natant. The material was recrystallized three times after the addition of 
carrier ovalbumin. The electrophoretic patterns obtained on the final 
crystalline preparations showed only the characteristic A;-A. complex of 


TABLE I 
Controls on Adsorbed Radioactivity 
10 mg. aliquots of C'4-ovalbumin. 


Treatment of sample Total a by 
Crystals, unwashed, wet with mother liquur............. 208 336 
After 6 hrs. dialysis (vs. 2 liters H.O)................... 6 6 


ovalbumin. The presence of small amounts of radioactive protein con- 
taminants not detectable by electrophoretic analysis cannot be ruled out. 
However, the high degree of specificity for ovalbumin of the enzyme prep- 
aration employed (2) makes it unlikely that such contaminants could 
contribute significantly to the radioactivity of the non-protein nitrogen 
released during the digestion. 

These final preparations, although free of detectable amounts of protein 
impurities, contained some radioactivity which could be released as CO, 
by direct treatment with ninhydrin of aliquots of the unhydrolyzed pro- 
tein. This absorbed radioactivity was easily removed, however, by the 
routine dialysis against distilled water for 48 to 72 hours to which all the 
radioactive ovalbumin samples were exposed to render them salt-free. 
As will be seen in Table I, this adsorbed radioactivity was reduced to less 
than 0.5 per cent of the total counts released by ninhydrin from the hydro- 
lyzed protein after only 6 hours dialysis and, after 96 hours dialysis, to 
less than 0.2 per cent. Alternate alkali and acid treatment (as suggested 
by A. Keston) did not alter the specific activity of this dialyzed material. 


2 CQ, was released from undiluted BaCO; received from Oak Ridge, Tennessee. 
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Incubation of C'4-Ovalbumin with Bacillus subtilis Enzyme—The proteo- 
lytic reaction described in the introduction was brought about by the 
use of an exoenzyme of B. subtzlzs* precipitated from the culture medium 
with alcohol. The amount of enzyme used in each digestion was equal to 
0.5 per cent of the ovalbumin being digested. As previously found by 
Linderstrgm-Lang and Ottesen (2) and confirmed in this laboratory, the 
use of high enzyme concentrations and prolonged incubation produces 
secondary, non-specific reactions, with the release of additional residues. 
However, these secondary reactions are much slower and in the incuba- 
tions as performed here represent a very small increment in non-protein 
nitrogen. Furthermore, the essential qualitative finding reported here, 
namely, that different aspartic acid residues are not equivalent, is not 
dependent on the specificity of the enzyme reaction. 

Except for two experiments, the paper chromatograms showed only the 
expected four amino acids in the hydrolyzed hexapeptide fraction. A 
faint extra chromatographic band was noted in these two experiments 
which was identified as glutamic acid. In one of these experiments the 
quantity was sufficient to permit a comparison of the specific activity of 
this glutamic acid with that isolated from the plakalbumin portion. As 
in the case of aspartic acid, the hexapeptide glutamic acid residue was 
much more active than the average of the plakalbumin glutamic acid resi- 
dues (3.4:1). 

The enzyme preparation was added to the C'4-ovalbumin solutions at 
room temperature, after the pH was adjusted to 6.4 with ammonium 
hydroxide. The progress of the digestion was followed by the salt titra- 
tion method of Linderstrgm-Lang and Ottesen (2). Digestion was stopped 
by the addition of an equal volume of 10 per cent trichloroacetic acid 
(TCA). 

Since the enzymatic conversion and the TCA precipitation bring about 
marked changes in the protein molecule, the possibility had to be con- 
sidered that adsorbed radioactive amino acids, while not detected on the 
intact ovalbumin, might have been released by these processes. Tests 
on the TCA supernatant, however, showed no counts released by ninhydrin 
before hydrolysis, thus ruling out this source of contamination. 

Isolation of Aspartic Acid from Plakalbumin—The plakalbumin was 
washed four times with 5 per cent TCA, three times with alcohol-ether, 
once with ether, and hydrolyzed with 6 nN HCl. The hydrolysate was 
decolorized by boiling with acid-washed norit, and, after removal of ex- 
cess HCl by evaporation, the dicarboxylic amino acids were precipitated 
as the barium salts (4). This material was purified by reprecipitation 
and the aspartic acid, after neutralization to about pH 8 with sodium 
hydroxide, was separated by descendirg paper chromatography with phenol 


* Generously given by K. Linderstrgém-Lang. 
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as a solvent. Special heavy paper‘ was used to permit. good separation 
of the relatively large quantities of aspartic acid needed for these experi- 
ments. Guide strips cut from the larger paper were developed with 
ninhydrin to locate the aspartic acid band, which was then eluted with 
H.O. The aspartic acid was determined by the gasometric ninhydrin 
method (6) and the C'4Q, released was collected through the side arm into 
Ba(OH)2. The BaC"O; was plated and counted on an inside flow counter 
(7). Specific activity was calculated from the amount of amino acid de- 
termined with the Van Slyke apparatus, and the total counts per minute 
in the C40, collected. Control samples of radioactive alanine determined 
by this method showed an over-all standard deviation of 3 per cent. 
Isolation of Aspartic Acid from Hexapeptide—The first trichloroacetic 
acid supernatants were combined and freed from TCA by continuous ether 


TABLE II 
Specific Activity of Hexapeptide and Plakalbumin Aspartic Acid Residues 
Aspartic acid, specific activity Wenapestide 
No. Piakalbumin 
Hexapeptide Plakalbumin 
C.p.m. per mM cC.p.m. per mM 
26B 25,800 13,000 2.0 
26C 8,600 4,200 2.0 
27B 55, 800 41,500 1.3 
28 5,170 1,819 2.8 
29-1 18 ,600 6, 290 3.0 
29-5 269 ,000 76,100 3.5 


extraction and hydrolyzed with 6 n HCl, and the acid was removed as 
above. The hydrolysate was neutralized and chromatographed on paper 
without further treatment. The aspartic acid band was eluted and the 
carboxyl carbons released and counted as described above. 

Isolation of Aspartic Acid As Copper Salt—As a check on the validity 
of the paper method, the aspartic acid of the plakalbumin fraction in Ex- 
periment 28 (Table II) was isolated and twice recrystallized as copper 
aspartate. The specific activity of these crystals was determined by direct 
counting and subsequently by the gasometric ninhydrin method as above. 
The specific activity of this fraction, as obtained by three independent 
methods, showed a standard deviation of 10 per cent. 

Hexapeptide-Plakalbumin Ratios—As shown in Table II, the hexapeptide 
aspartic acid residue in every experiment showed a higher specific activity 
than the average of the plakalbumin aspartic acid residues. The ratios 
of these specific activities varied from 1.3 to 3.5. 


‘Schleicher and Schuell, No. 470-A filler, White S-8939 (13). 


‘ 
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DISCUSSION 


Aspartic acid residues derived from different positions in the ovalbumin 
molecule have different specific activities under the conditions of these 
experiments. Any mechanism postulated for ovalbumin synthesis must 
account for this ‘‘asymmetry”’ in the synthetic process. 

The present results are not compatible with a mechanism of synthesis 
involving the formation of ovalbumin molecules directly from free amino 
acids by means of a template process. Such a mechanism might be in- 
ferred from the results of ‘delayed supplement” feeding experiments in 
which it has been shown that amino acids must be fed simultaneously for 
optimal utilization in protein synthesis (8). It is important to recognize 
that the results of these feeding experiments fit equally well with a mecha- 
nism involving protein synthesis by way of intermediates. In a system 
in mass equilibrium the absence of any one of the intermediate “building 
stones” would be expected to inhibit the forward reactions leading to net 
synthesis. 

Protein synthesis by way of peptide intermediates differing in rates of 
replacement or pool size is compatible with the data presented here. In 
the light of other evidence (9-12) pointing to such a mechanism, this seems 
most likely. However, other interpretations are possible and final con- 
clusions must await further data. 


SUMMARY 


1. Crystalline radioactive ovalbumin has been prepared by tin vitro 
incubation of oviduct minces from hens with C'OQOv. 

2. By using a bacterial proteolytic enzyme discovered by Linderstrgm- 
Lang, it has been possible to split off less than 2 per cent of this labeled 
protein molecule in the form of small peptides for comparison with the 
remainder. 

3. It has been shown that, under the conditions of these experiments, 
aspartic acid isolated from the peptide fraction has a much higher specific 
activity than the average specific activity of aspartic acid residues in the 
remaining protein fraction. 

4. It is suggested that these results support a theory of ovalbumin 
synthesis by way of peptide intermediates. Other possible interpreta- 
tions cannot yet be ruled out. 
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ACTIVATION OF METHIONINE FOR TRANSMETHYLATION* 


By G. L. CANTONIT 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, December 11, 1950) 


The biosynthesis of N'-methylnicotinamide (NMeN) from methionine 
and nicotinamide is catalyzed by nicotinamide methylkinase,' an enzyme 
system recently isolated from rat and pig liver (1). The transmethylation 
catalyzed by this system is probably a complex process consisting of a 
minimum of two enzymatic steps. As already reported (1), energy-rich 
phosphate (~ ph) and Mg?" are essential and the energy needs can be 
satisfied either by supplying adenosinetriphosphate (ATP) directly or by 
generating it anaerobically from phosphoglycerate or phosphocreatine. 
No information is as yet available on the réle played by high energy 
phosphate in this reaction. However, the requirement for ~ ph is com- 
mon to transmethylation reactions in which methionine is the methyl 
donor (1, 2). A reaction between ATP and methionine might result in 
the formation of an active form of methionine. If so, the ‘‘active methi- 
onine” should be capable of transmethylating in the absence of ATP, 
provided that a suitable acceptor of methyl groups and the proper en- 
zymes are present. 

In preliminary experiments the dephosphorylation of ATP by a par- 
tially purified nicotinamide methylkinase preparation was markedly and 
specifically accelerated by L-methionine, and a systematic search for the 
enzyme catalyzing such a reaction was undertaken. 

Both pig and rat livers are satisfactory sources of the enzyme. The 
enzyme from pig liver has been partially purified. There is evidence that 


* Second paper of a series on enzymatic mechanisms in transmethylation. Aided 
by grants from the United States Public Health Service, the American Cancer So- 
ciety (recommended by the Committee on Growth of the National Research Coun- 
cil), the Office of Naval Research, and the Lederle Laboratories Division, American 
Cyanamid Company. 

t Fellow of the American Cancer Society on recommendation of the Committee 
on Growth of the National Research Council. Present address, Department of 
Pharmacology, School of Medicine, Western Reserve University, Cleveland 6, Ohio. 

The term nicotinamide methylkinase refers to the enzyme system catalyzing 
the over-all transmethylation; methionine-activating enzyme to the enzyme cata- 
lyzing the reaction between methionine and ATP, and nicotinamide methylpherase 
to the system responsible for the methylation of nicotinamide by ‘‘active methio- 
nine’’ in the absence of ~ ph. Only partial separation of the latter two activities 
has been accomplished so far. 
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the reaction between methionine and ATP is the first step in the over- 
all transmethylation catalyzed by the nicotinamide methylkinase system. 
The nature of the products of the reaction between ATP and methionine 
is not yet known, but the reaction generates a product which acts as a 
methyl donor for nicotinamide in the absence of ATP, ADP,’ or other 
known sources of ~ ph. 


EXPERIMENTAL 


Measurement of Activity and Preparation of Enzyme—The activity of 
the methionine-activating enzyme was measured by determining the 
amount of orthophosphate liberated from ATP in the presence and absence 
of methionine. Under our experimental conditions (Table I), the in- 
crease due to the addition of methionine is proportional to the enzyme 
activity. The reaction mixture was deproteinized with trichloroacetic 
acid and phosphate was determined on an aliquot of the centrifugate by 
the method of Lohmann and Jendrassik (3). This method, as is well 
recognized, does not differentiate between orthophosphate and very labile 
phosphate compounds. | 

Crude liver extracts contain large amounts of adenosinetriphosphatase 
(ATPase), which tends to mask the activity of the methionine-activating 
enzyme because the phosphate increment may be too small to detect. 
The presence of the enzyme, however, can be demonstrated in the soluble 
fraction obtained by centrifuging in the cold (18,000 r.p.m., 30 minutes) a 
homogenate prepared with pig liver in a blendor with 2.5 volumes of ice- 
cold sodium acetate buffer (0.1 M, pH 5.5). The methionine enzyme can 
be further separated from contaminating ATPase by fractionation with 
ammonium sulfate at pH 6.0 in the cold. The rate of ATP dephosphoryl- 
ation in the acetate extracts is increased by addition of methionine about 
10 to 20 per cent over the control; the per cent increase becomes consider- 
ably larger during the subsequent steps employed in the preparation of the 
enzyme (Table I). When kept at —15°, the ammonium sulfate precipi- 
tates retain activity for several weeks. In the experiments described 
below, the fractions obtained by the second ammonium sulfate precipita- 
tion were used as a source of the methionine enzyme (Table I). 

Specificitty—Of the naturally occurring amino acids tested, only L- 
methionine significantly increased the rate of dephosphorylation of ATP 
(Table II). Ethionine was about 50 per cent as active as methionine. 
In other experiments it was found that the addition of glutamate, histi- 
dine, glycine, aspartate, or citrulline was without effect. 

Effect of Sulfhydryl Compounds—At first there were large losses of 
activity during dialysis and the subsequent handling of the enzyme prep- 


2 Adenosinediphosphate. 
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TaBLeE 
Preparation of Methionine-Activating Enzyme from Pig Liver 
0.05 or 0.1 cc. of enzyme; ATP with 15 un of easily hydrolyzable P; MgCl., 0.025 
m; reduced glutathione, 0.002 mM; and tris(hydroxymethyv])aminomethane (THAM) 
puffer, 0.03 m, pH 7.5. u-Methionine, when added, 0.0075 m. Final volume, 1 cc.; 
incubation, 60 minutes at 37°; values expressed per cc. of enzyme. 


Phosphate liberated 


Without | With | Specific | 5 
methio- | methio- | Units, f Prete activity 100 
nine nine (a) 
(a) (d) 
units 
pM pM mg. per mg. per cent 
protein 


Ammonium sulfate ppt. acetate | 123.0 | 153.6 | 30.6 | 96.0] 0.3 124.5 
buffer extract 0.25-0.40 saturated 

After dialysist and heat treatment§$ | 42.3 | 70.7 | 28.4 51.2] 0.55 | 167.0 

2nd ammonium sulfate fractionation 
0.26-0.32 saturated 25.4; 49.8 | 24.4] 27.1] 0.9 196 
0.32-0.37 “ 15.8 | 41.3 | 25.5 | 36.1] 0.7 


* Per cent increase over ATPase (ATPase = 100) due to enzyme. 
+1 unit = 1 um of phosphate liberated per hour at 37°. 

¢t 3 hours at 0° against 0.0015 m acetate buffer, pH 6.1. 

§ 3 minutes at 47°. 


TaBLeE II 
Specificity of Methtonine-Activating Enzyme 
0.2 cc. of enzyme containing 6.7 mg. of protein and 1.3 cc. of a reaction mixture 
containing ATP with 22.1 um of easily hydrolyzable P; MgCl, 0.04 1; THAM buffer, 
pH 7.4, 0.03 m; GSH, 0.01 m; and various additions as indicated. Incubation, 60 


minutes at 37°. The results are expressed as micromoles of phosphate liberated 
per cc. of enzyme. 


u-Methionine (0.013 40.2 +17.5 
pL-Ethionine (0.013 m)...................... 30.0 +7.3 
pi-Methyleysteine (0.013 m)................ 21.7 —1.0 
pL-Leucine (0.013 21.9 —0.8 
pL-Hydroxyproline (0.013 M)................ 21.6 —1.1 
pL-Homocysteine (0.0065 m)................ 21.7 —1.0 
Methionine sulfoxide (0.013 mM).............. 22.1 —0.6 


arations. This observation led to the finding that reduced glutathione 
(GSH), certain —SH compounds, and other reducing agents greatly in- 
creased the activity of the methionine-activating enzyme (Table IID). 
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With preparations showing a relatively high activity in the absence of —SH 
compounds (Table III, Experiment 2), cysteine was inhibitory. No ex- 
planation can as yet be offered for this effect. Reactivation by —SH 
compounds and other reducing agents is probably due to a dependence of 
activity on the presence of free —SH groups in the enzyme protein (4-7). 
This is further supported by the fact that treatment of the enzyme with 


TaBLeE III 
Activation of Methionine Enzyme by —SH Compounds and Other Reducing Agents 
0.2 ce. of enzyme and 1.3 cc. of a reaction mixture containing ATP with 12.2 
yum of easily hydrolyzable P; t-methionine, 0.02 m; MgClo, 0.034 m; and THAM 
buffer, pH 7.4, 0.03 m; other additions as indicated. Incubation, 60 mimutes at 


37°. The enzyme preparation in Experiment 1 contained 4.8 mg. of protein; in 
Experiment 2, 10.1 mg. 


Experiment No. Additions Activity 


units per cc. enzyme 


Cysteine (0.0066 m) 
Ascorbic acid* (0.01 m) 
KCN (0.01 m) 


1 None 0.24 
Reduced glutathione (0.0055 m) 9.0 

Cysteine (0.005 m) 2.9 

Homocysteine (0.005 m) 10.6 

Thioglycolic acid* (0.005 m) 5.6 
BAL (0.0005 m) 0.72 
(0.001 ‘“) 4.06 

“ “) 5.3 

“ (0.004 11.3 

“(0.01 a) 12.1 

™) 13.1 

2 None 
Oxidized glutathione (0.001 Mm) 28.2 

Reduced glutathione (0.0022 ‘‘) 44.5 

(0.0011 ‘‘) 42.5 

(0.00055 40.0 

18.8 

40.5 

45.9 


* Potassium salt. 


p-aminophenyl arsenoxide (8) resulted in complete loss of activity, and 
BAL (8, 9) reversed almost quantitatively this inhibition (Table IV). 
The enzymatic synthesis of NMeN from methionine and nicotinamide 
was also completely inhibited by pretreatment of the nicotinamide 
methylkinase preparations with p-aminophenyl] arsenoxide, and BAL re- 
activated this system just as effectively as the methionine enzyme (Table 
V). The nicotinamide methylkinase system also is activated by —SH 
compounds and by other reducing agents. Cysteine which, as already 
noted, inhibits the methionine enzyme also inhibited transmethylation to 


| 
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nicotinamide. These findings suggest that the enzymatic reaction be- 
tween methionine and ATP is the first step in the over-all transmethyla- 
tion reaction. 


TABLE IV 


Inactivation of Methionine Enzyme by peAminophenyl Arsenozide and Reactivation 
by BAL 
0.2 cc. of methionine-activating enzyme containing 10 mg. of protein and 1.2 cc. 
of a reaction mixture containing ATP with 17.7 um of easily hydrolyzable P; MgCl., 
0.02 m; and THAM buffer, pH 7.4,0.05m. wt-Methionine (0.015 m) and BAL (0.0035 
M) as indicated. Incubation, 60 minutes at 37°. The results are expressed as 
micromoles of phosphate liberated per 10 mg. of enzyme. 


Phosphate liberated 
Preliminary treatment of enzyme Without With 
BAL meth- meth- A 

1onine 1onine 
p-Aminophenyl arsenoxide* ..................... — 1.22 1.38 | +0.16 
followed by BALT....| + 1.26. 4.90 | +3.64 


* 0.001 m, 60 minutes at room temperature. 
t 0.005 m, for 10 minutes at room temperature. 


TABLE V 


Inactivation of Nicotinamide Methylkinase by p-Aminophenyl Arsenoxide and Reac- 
tivation by BAL 


0.5 cc. of nicotinamide methylkinase containing 1.1 mg. of protein and 0.7 cc. 
of a reaction mixture containing nicotinamide, 0.0085 m; L-methionine, 0.0085 m; 
MgCl., 0.017 m; ATP with 28 um of easily hydrolyzable P, and THAM buffer, pH 
7.4, 0.04 m. BAL (0.002 M) as indicated. Incubation, 90 minutes at 37°. The 
results are expressed as micrograms of NMeN formed per 10 mg. of enzyme. 


Preliminary treatment of enzyme BAL | NMeN formed 
t 
p-Aminopheny] arsenoxide* ...................... <1.0 
followed by BALT..... 150.5 


* 0.001 m, 60 minutes at room temperature. 
+ 0.005 m, 10 minutes at room temperature. 


Transmethylation from ‘Active Methionine” in Absence of ~ ph—‘‘Ac- 
tive methionine” should be able to methylate nicotinamide in the absence 
of ~ ph, provided the appropriate enzyme system is present. 'To demon- 
strate the formation of an “active methionine” the enzyme was incubated 
with methionine and ATP and residual adenosinepolyphosphates were 
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then hydrolyzed with potato ATPase. An aliquot of this reaction mix- 
ture was supplemented with enzyme from rat liver as a source of nico- 
tinamide methylpherase, plus nicotinamide, and N}-methylnicotinamide 
was determined after incubation. Representative results are illustrated 
in Table VI. The data indicate that, following incubation of methionine 
and ATP with the methionine-activating enzyme, methylation of nico- 


VI 
Activation of Methionine and Subsequent Transfer of Methyl Group 


0.3 ec. of pig liver enzyme (Enzyme 1) containing 10 mg. of protein, and 1.1 cc. 
of a reaction mixture containing Lt-methionine, 0.028 m; MgClo, 0.057 m; GSH, 
0.005 ma; ATP with 8.82 um of easily hydrolyzable P; and THAM buffer, pH 7.4, 
0.06 m. After incubation with'Enzyme 1 as indicated, 0.025 cc. of potato ATPase 
(Iinzyme 2) was added and incubation continued for 45 minutes. At the end of 
incubation with Enzyme 2, 0.3 cc. of rat liver enzyme (Enzyme 3), containing 7.1 
mg. of protein, and 0.2 cc. of 0.2 M nicotinamide were added to a 1.0 cc. aliquot 
of the reaction mixture. Incubation was continued for 120 minutes. At zero time 
and at the end of incubation with Enzyme 2, samples were taken for phosphate 
determination. NMeN was determined at the end of incubation with Enzyme 3. 


The results are expressed in micrograms of phosphate or of NMeN per ce. of final 
reaction mixture. 


Incubation time Phosphate (after incubation with Enzyme 2) NMeN formed 
(after incuba- 
Enzyme 1 | Enzyme2 | Enzyme3 | qetermined | 7™in.P* | (6) — (a) | tion with 
(a) 
min min. min 
0) 45 120 137.5 131 0 Q 
15 45 120 18.9 
30 45 120 137.5 141 +4.5 28.7 
60 45 120 148 | 149 0 36.0 
90 45 120 159 | 149 0 37.5 


*P after 7 minutes hydrolysis in 1.0 Nn HCI at 100°. At zero time there were 
present 24.5 y of directly determined phosphate and 135 y of 7 minutes P (easily 
hydrolyzable P, 110.5 y) per cc. of final reaction mixture. 


tinamide occurred in the absence of easily hydrolyzable P; they also show 
that the formation of NMeN increased with the length of incubation of 
methionine and ATP with the pig liver enzyme. 

The above findings support the view that an “active methionine” 
accumulates in the first part of the experiment of Table VI. Further 
evidence was obtained as follows: 3.6 cc. of a reaction mixture of the same 
composition as in Table VI were incubated for 60 minutes with 0.9 cc. of 
pig liver enzyme (Enzyme 1). Next, 0.6 cc. of ATPase (Enzyme 2) was 
added and the incubation was continued fer 45 minutes. The mixture 
was then heated to 65° for 10 minutes and clarified by centrifugation. 
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Phosphate determinations on the clear supernatant showed that all the 
easily hydrolyzable phosphate had been converted to orthophosphate 
after incubation with Enzymes 1 and 2. Increasing aliquots of this super- 
natant were added to a series of test-tubes, each containing 0.1 cc. of. 
(.2 M nicotinamide and 0.2 cc. of rat liver enzyme (Enzyme 3) in a final 
volume of 0.8 cc. The samples were incubated for 60 minutes at 37° and 
at the end of this period NMeN was determined on a protein-free aliquot. 
As shown in Table VII, Experiment A, formation of NMeN was dependent 
on the amount of the heat-treated reaction mixture added. Control 
experiments with the heat-treated supernatant showed that no NMeN 
was formed unless Enzyme 3 (nicotinamide methylpherase) was added. 


TaB_Le VII 
Formation of NMeN As Function of Concentration of ‘‘Active Methionine’’ and of 
Time of Incubation 
Reaction mixture as in Table VI. For experimental details, see the text. The 
results are expressed as micrograms of NMeN per cc. of final reaction mixture. 


Experiment A* Experiment Bt 
Additions NMeN Incubation time NMeN 
ce. min. 
0.062 5.3 10 6.56 
0.125 11.1 20 11.55 
0.312 19.1 40 17.3 
0.625 23.5 60 23.5 


* Additions in cc. of solution containing ‘‘active methionine”’ per cc. of reaction 
mixture. Incubation time, 60 minutes. 
+t Each cc. of reaction mixture contained 0.625 cc. of solution containing ‘‘active 
methionine.’’ Incubation time as indicated. 


Another portion of the heat-treated supernatant was added to a test- 
tube containing nicotinamide plus Enzyme 3, and the amount of NMeN 
formed was determined after incubation for various times at 37°. The 
amount of NMeN formed increased with the time of incubation with the 
rat liver enzyme’ (Table VII, Experiment B). 


DISCUSSION 


The results reported in this paper suggest that, through a reaction be- 
tween methionine and ATP, a methyl compound is formed which, unlike 
methionine itself, is capable of methylating nicotinamide in the absence 


3 No direct data were obtained on the methionine enzyme activity of the super- 
natant, but the enzyme loses about 60 per cent of its activity when heated to 52° 
for 3 minutes, and it can be assumed that heating to 65° for 10 minutes would dras- 
tically reduce or abolish its activity. 
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of ~ ph. Information on the nature and constitution of the ‘active 
methionine” will have to depend on the isolation and characterization of 
the reaction product. 

The suggestion that an active methyl donor is formed from methionine 
and ATP is not new. Results similar to those presented in this paper 
were reported in a preliminary note by Binkley in 1947 (10). He also 
reported the isolation of a compound with some of the biochemical prop- 
erties of an ‘‘active’ methionine. From the experiments described here 
the main and perhaps the only réle of ATP in the over-all reaction cata- 
lyzed by the nicotinamide methylkinase system appears to be related to 
the activation of methionine, possibly by direct phosphorylation. Al- 
though the action of the methionine-activating enzyme results in an ap- 
parent liberation of orthophosphate from ATP in the presence of 
methionine, the formation of an extremely labile phosphorylation product 
remains a possibility which has not yet been thoroughly investigated. 
While the breakdown of ATP by ATPase gives rise at pH 7.1 to approxi- 
mately 0.5 acid equivalents per mole of orthophosphate liberated (11), 
less acid was formed during the dephosphorylation of ATP by the methi- 
onine-activating enzyme. 

It has been suggested (10, 1), on the basis of an earlier formulation of 
Toennies (12), that this activation might involve the formation of a 
sulfonium derivative of methionine. Such a reaction might be tenta- 
tively formulated as shown in the accompanying diagram. 


CH; 
| 
S 
O- O- O- | 
| | | CH, 
Adenosine P—O-—-P—O—P—O- + | 
| | | CH, 
O O 
CHNH, 
COOH 
+ adenosine P—O-—P—O- 
| | 
O O O 
CHNH, 


| 
COOH 


O- 
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If the activation of methionine involves a change in the valence of sulfur, 
this would be a novel way in which the energy of the pyrophosphate bond 
of ATP is utilized for chemical work in biological systems. 


Preparations 


The rat liver enzyme previously described (1) was used as a source of 
the enzyme system for the over-all transmethylation reaction between 
methionine and nicotinamide. In this regard this preparation was 3 to 
4 times more active per mg. of protein than the pig liver preparation used 
as a source of methionine-activating enzyme. ‘The alumina gel eluates 
(1) were further fractionated with ammonium sulfate and the fraction 
precipitating between 37 and 56 per cent saturation was used as a source 
of nicotinamide methylpherase for the experiments described above. Po- 
tato adenosinetriphosphatase prepared according to Kalckar (13) was 
kindly supplied by Dr. S. Korkes. 1-Citrulline was kindly supplied by 
Dr. S. Ratner, pL-ethionine and pL-homocysteine by Dr. J. Stekol, methi- 
onine sulfoxide by Dr. H. Waelsch, S-methyl-pL-cysteine by Dr. A. D. 
Welch, and BAL and p-aminophenyl arsenoxide by Dr. E. C. Slater. 
Other preparations, including ATP, glutathione, L-cysteine, and tris- 
(hydroxyamino)methane, were obtained commercially. 


It is indeed a pleasure to thank Dr. 8. Ochoa for his constant support 
and stimulating interest. 


SUMMARY 


1. The dephosphorylation of adenosinetriphosphate by a partially puri- 
fied preparation from pig liver is markedly and specifically increased by 
the addition of methionine. 

2. The enzyme, which is referred to as methionine-activating enzyme, 
requires reduced thiol groups for activity. 

3. The relationship of the reaction between methionine and ATP to 
the over-all transmethylation reaction catalyzed by the nicotinamide 
methylkinase system has been studied. The evidence obtained suggests 
that activation of methionine is a prerequisite for the transfer of its methyl 
group. 
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THE EFFECTS OF FAT DEFICIENCY UPON ENZYME 
ACTIVITY IN THE RAT* 


By H. O. KUNKEL anp J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, December 12, 1950) 


Recent reports indicate that liver enzyme activity may be markedly 
altered by dietary conditions. Such enzymes as D-amino acid oxidase, 
arginase, xanthine oxidase, succinic oxidase, rhodanese, and adenosine 
pyrophosphatase have been shown to be lost or decreased in dietary 
protein and amino acid insufficiency (1-6). 

The syndrome first reported by Burr and Burr (7) to be produced by 
the exclusion of fats from the diet suggested that alteration of enzyme 
activity might be detected in fat-deficient animals. In addition to the 
skin and kidney lesions and growth failure, Burr and Beeber (8) reported 
that rats suffering from fat deficiency have a much higher metabolic rate 
than the controls. In a previous study, Wesson and Burr (9) had shown 
also that, following a carbohydrate meal, the respiratory quotients of 
fat-deficient rats were well above unity. Weil and Russell (10) found that 
starvation decreased plasma phosphatase activity. These lowered levels 
were elevated following the ingestion of certain unsaturated fatty acids, 
while saturated fatty acids, proteins, and carbohydrates had no effect. 

The recent investigations of Swanson and Artom (11) have substan- 
tiated earlier findings (12) of a high lip'de content of the mitochondria. 
The mitochondria have been shown to carry on many of the essential 
oxidation processes of the cells, including the succinic oxidase and cyto- 
chrome oxidase systems (13, 14). This finding of a large concentration 
of lipide in association with respiratory enzymes suggests that the ac- 
tivity of these enzymes may be particularly altered in fat deficiency. 
Therefore, it was of interest to investigate the activity of certain oxida- 
tive enzyme systems in fat-deficient rats and in rats fed rations supple- 
mented with an essential fatty acid or with corn oil. The enzyme systems 
which were chosen for study in this work are liver succinic oxidase, cyto- 
chrome oxidase, choline oxidase, and the endogenous respiration. By 
studying the relation of essential fatty acid deficiency to enzyme activity, 
it is hoped that some light may be thrown upon the biochemical function 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by the Research Committee of the Graduate 
School from funds supplied by the Wisconsin Alumni Research Foundation, and by a 
grant from the National Dairy Council on behalf of the American Dairy Association. 
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of the essential fatty acids. In addition, the feeding of tetrabromostearic 
acid prepared from corm oil fatty acids was investigated to see whether 
such a compound would amplify the effects of an essential fatty acid 
deficiency. 


EXPERIMENTAL 


Two different techniques were employed to effect the fat deficiency 
symptoms in rats. The mature animals were handled according to pro- 
cedures described by Barki et al. (15). Caloric restriction causing severe 
emaciation was followed by feeding of the fat-free diet ad libitum to pro- 
duce the symptoms of fat deficiency. In this phase, adult male rats of 
the Sprague-Dawley strain, weighing from 200 to 220 gm., were fed 3 to 
4 gm. of the fat-free ration per day for a period of 21 days. At the end of 
this period, the animals which weighed from 105 to 119 gm. were divided 
randomly into four groups of five to eight animals each. These groups 
then were fed their respective diets ad libitum. One group received only 
the fat-free basal diet, and a second group was fed the basal diet supple- 
mented with 100 mg. of pure methyl] linoleate (Hormel Foundation) per 
animal per day. The two remaining groups were fed diets containing 5 
per cent corn oil and 3 per cent tetrabromostearic acid, respectively. 

Enzyme studies were begun at the end of 35 days of feeding ad libitum. 
The average weight increases during this ad libitum feeding period were 
155.5 + 6.0! gm. for the basal group, 156.2 + 7.2 gm. for the group fed 
the 3 per cent tetrabromostearic acid diet, 182.0 + 3.9 gm. for the lino- 
leate-supplemented group, and 209.5 + 5.6 gm. for the group fed the 5 
per cent corn oil diet. 

In the second phase, weanling male rats of the Sprague-Dawley strain, 
weighing from 38 to 58 gm., were randomly divided into three groups. 
These groups were fed respectively the fat-free basal ration, the basal 
ration plus 100 mg. of methyl linoleate per rat per day, and the 5 per cent 
corn oil ad libitum. Enzyme studies were begun at the end of 13 weeks. 
At the end of this period, the average weight was 267.9 + 5.7! gm. for 
the fat-deficient group, 316.4 + 7.3 gm. for the linoleate-supplemented 
animals, and 338.0 + 9.6 gm. for the group receiving the 5 per cent corn 
oil diet. 

The basal diet used in both experiments was a simplified ration con- 
sisting of 18 per cent casein, 78 per cent sucrose, 4 per cent Salts IV (16), 
and the following amounts of amino acids and vitamins per 100 gm. of 
diet: 0.25 gm. of methionine, 1.5 mg. of niacin, 2.0 mg. of calcium panto- 
thenate, 200 y of thiamine, 300 y of riboflavin, 250 y of pyridoxine, 100 
mg. of choline chloride, 10 y of biotin, 10 y of 7-inositol, and 20 y of folic 


1 Standard error of the mean. 
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acid. Vitamins A, D, and E were supplied by a weekly supplementation 
of 1 drop of haliver oil containing 100 mg. of a-tocopherol per ml. The 
tetrabromostearic acid was prepared by bromination of corn oil fatty 
acids and recrystallization from a mixture of petroleum ether and ethyl 
ether. This was the 9,10,12,13-tetrabromostearic acid, which upon de- 
bromination with zinc yielded linoleic acid. 

In the enzyme studies, the rats were sacrificed by decapitation and the 
livers were removed immediately and chilled in cracked ice. A portion 
of each liver was quickly weighed, homogenized in 5 volumes of ice-cold 
0.039 m sodium and potassium phosphate buffer, and strained through 
gauze. This homogenate was used in the choline oxidase determination.? 
The endogenous respiration was measured in the determination of choline 
oxidase during the first 10 minutes after temperature equilibration. Por- 
tions of the homogenate were diluted with buffer to give a 5 per cent 
homogenate, which was used in measuring succinic oxidase, and a 2 per 
cent homogenate, which was employed in the assay for cytochrome oxi- 
dase. Succinic oxidase and cytochrome oxidase were measured according 
to the methods of Schneider and Potter (17). All enzyme activity was 
assayed in a Warburg bath maintained at 37°. Aliquots of each homo- 
genate were taken for nitrogen determinations in duplicate by using a 
micro-Kjeldahl procedure. 


RESULTS AND DISCUSSION 


At the time of sacrifice, all rats receiving the basal diet or the diet con- 
taining 3 per cent tetrabromostearic acid exhibited the signs of essential 
fatty acid deficiency: scaly paws, scaly or necrotic tails, and decreased 
growth. In general, the symptoms were more severe in the animals 
placed on the experimental diets as weanlings than in the mature animals. 
Skin symptoms appeared somewhat earlier but were not more severe in 
the adults receiving the 3 per cent tetrabromostearic acid than in the 
animals receiving only the basal diet. The results with these two dietary 
treatments were generally very similar. 

The experimental results concerning the effect of fat deprivation on 
the enzyme activity of the liver tissue are summarized in Tables I and II. 
Standard errors of the mean are reported only for the enzyme activity 
based on the moist weight of livers of the adult rats. With the rats 
started as weanlings, enzyme activity was studied after pooling equal 
portions of the livers of two animals within a group and therefore the 
standard errors of the mean were not calculated. Approximately the 
same range of results was observed within each dietary treatment of both 
the adult (Table I) and the weanling rats (Table II). The enzyme ac- 


? Williams, J. N., Jr., Litwack, G., and Elvehjem, C. A., to be published. 
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TABLE I 
Effects of Fat Deficiency on Liver Enzymes of Adult Rats 


liver N 
pl. O2 per hr. . Or per 
per mg. . per mg. 
Succinic Basal 6 25.4 + 1.6* 910 
oxidase 3% tetrabromostearic acid 5 26.3 + 1.0 1050 
Basal + methy] linoleate 6 26.1 + 1.0 990 
5% corn oil 6 24.5 + 1.6 980 
Cytochrome Basal 5 82.8 + 1.2 2970 
oxidase 3% tetrabromostearic acid 4 63.6 + 4.8 2480 
Basal + methyl] linoleate 4 60.0 + 3.0 |, 2270 
5% corn oil 5 55.3 + 4.8 2200 
Choline Basal 6 3.12 + 0.20 112 
oxidase 3% tetrabromostearic acid 5 3.05 + 0.39 119 
Basal + methyl linoleate 6 2.91 + 0.19 110 
5% corn oil 6 2.51 + 0.15 100 
Endogenous Basal 7 0.61 + 0.08 22 
respiration | 3% tetrabromostearic acid 5 0.67 + 0.01 26 
Basal + methy] linoleate 6 0.80 + 0.09 30 
5% corn oil 6 1.21 + 0.15 48 
* Standard error of the mean. 
TABLE II 
Effects of Fat Deficiency on Liver Enzymes of Weanling Rats 
Enryme system rain | 
pl. Oo per hr. pl. Oz per hr 
per mg. per mg 
Succinic Basal 7 25.7 970 
oxidase ‘«< + methyl linoleate 6 27.5 990 
5% corn oil 6 26.9 990 
Cytochrome Basal 7 82.3 3110 
oxidase ‘¢ + methy! linoleate 6 60.0 2170 
5% corn oil 6 64.1 2350 
Choline Basal 7 3.42 129 
oxidase methy! linoleate 6 3.37 122 
5% corn oil 6 2.66 98 
Iindogenous Basal 7 0.65 26 
respiration methyl linoleate 6 0.65 24 
5% corn oil 6 1.36 50 


tivities are reported in terms of liver nitrogen, as well as the fresh weight 
of the livers, since dilution of the liver by lipide or glycogen might cause 
erroneous conclusions to be drawn from the enzyme results. Enzyme ac- 
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tivity in terms of liver nitrogen negates those effects. In all cases, how- 
ever, the dietary treatment had no significant effect on liver nitrogen. 
These values ranged from 25.1 to 27.9 mg. of nitrogen per gm. of moist 
liver. 

Fat deficiency appeared to affect differently each of the four enzyme 
systems studied. The succinic oxidase activity did not appear to be 
altered by any of the dietary treatments. Although succinic dehydro- 
genase activity has recently been reported to be dependent upon an intact 
lecithin portion (18), it appears that the maintenance of this enzyme is 
not dependent upon a dietary source of an essential fatty acid. 

The activity of the cytochrome oxidase, however, is markedly increased 
in fat deficiency. Results obtained with the adult animals (Table I) and 
with the weanling animals (Table II) are identical. In each case the 
activity of livers from rats fed the basal diet was 38 per cent greater than 
from the linoleate-supplemented animals or from the animals receiving 
corn oil. This is particularly interesting in view of the observation of 
Burr and Beeber (8) and Wesson and Burr (9) that fat-deficient rats had 
a markedly increased metabolic rate. The latter authors reported that 
the basal and assimilatory metabolic rates of fat-deficient animals were 
25 per cent greater than the rates of the control animals. Thus the liver 
cytochrome oxidase activity appears to parallel the metabolic rate in 
fat deficiency. This increased cytochrome oxidase activity in liver and 
perhaps other tissues may account in a large part for the increased meta- 
bolic rate. This phenomenon also may reflect a specific metabolic func- 
tion of the essential fatty acids. A methyl linoleate supplement main- 
tained a level of activity of cytochrome oxidase which appears to be 
normal, while it had little or no effect on the other enzyme systems studied 
here. 

Although the animals fed the tetrabromostearic acid (Table I) showed 
symptoms of fat deficiency, these animals had only a slight increase in 
cytochrome oxidase activity. This increase becomes evident when ex- 
pressed on the basis of liver nitrogen, but the low number of observations 
does not allow the assignment of any significance to this oxidase activity. 
With this exception, however, liver enzyme activity in the animals fed 
the tetrabromostearic acid was almost exactly the same as that in animals 
fed the basal diet. 

The choline oxidase appears to be elevated somewhat in all animals 
except those fed the corn oil diet. The activity of the liver choline oxidase 
of the rats fed the corn oil is approximately the same as that found for 
rats fed a commercial stock diet.2, Like succinic oxidase, choline oxidase 
activity does not appear to be dependent upon a dietary source of the 
essential fatty acids, but, unlike succinic oxidase, it appears to be regu- 
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lated by the dietary inclusion of a fat or oil. Bernheim (19) has shown 
that choline oxidase is inhibited by fatty acids. Handler and Bernheim 
(20) have demonstrated a greatly depressed activity in fatty livers. The 
slight reduction in activity in livers of animals fed the corn oil probably 
reflects the same phenomenon. 

The endogenous respiration of the livers of the fat-deficient animals is 
sharply decreased. Also this does not appear to be the effect of a lack 
of a dietary source of an essential fatty acid, since the supplementation 
with methyl linoleate did not appear to increase the endogenous respira- 
tion. The daily supplement of 100 mg. of methyl linoleate per animal 
per day may not have been sufficient to maintain this activity. On the 
other hand, feeding the diet containing corn oil appeared to double the - 
average rates of endogenous respiration. Only in the case of tryptophan 
has it been shown that the inclusion of a specific nutrient in the diet 
markedly increased the endogenous respiration of the liver (5). Methi- 
onine deficiency (4) and various vitamin deficiencies (21, 22) have little 
effect on endogenous respiration. Therefore it appears that fat defi- 
ciency may affect enzyme systems other than the specific systems studied 
here. It is also possible that dietary fat supplies some of the substrates 
for endogenous respiration. 

The high lipide content of the mitochondria (11, 12) and the action of 
lecithinase on cytochrome oxidase and on succinic dehydrogenase activity 
(18) suggest that certain of the respiratory enzymes may be lipoproteins. 
The enzyme systems, succinic oxidase, cytochrome oxidase, and choline 
oxidase, do not appear to be lost or decreased in activity when the dietary 
source of essential fatty acids is withheld. If these systems require the 
essential fatty acids, the results indicate that they are held tenaciously 
through long periods of deprivation or that enough of these fatty acids 
are supplied by the limited synthetic powers of the rat or by the carrier 
of the vitamins A and D. The results of these experiments do suggest 
that the imposition of a fat deficiency alters the normal balance of enzyme 
activity of tissues. The cytochrome oxidase activity is increased, and 
that there may be a concomitant decrease in the activity of another 
enzyme system is suggested by the decrease in endogenous respiration. 
Further investigation is required to elucidate these points. 


SUMMARY 


A fat deficiency in the rat causes a marked increase in liver cytochrome 
oxidase activity, a slight increase in choline oxidase activity, and a marked 
decrease in endogenous respiration. The activity of the succinic oxidase 
system is not altered by this deficiency condition. 

Supplementation with 100 mg. of methyl linoleate per rat per day re- 
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duced the cytochrome oxidase to the level of that produced by a 5 per 
cent corn oil diet. The methyl] linoleate at the level employed had little 


or 


no effect on the choline oxidase activity or on the endogenous 


respiration. 

The addition of 9,10,12,13-tetrabromostearic acid to the basal diet 
appears to have little effect on the development of fat deficiency, except 
possibly to reduce cytochrome oxidase activity. 


BIBLIOGRAPHY 


. Seifter, S., Harkness, D. M., Rubin, L., and Muntwyler, E., J. Biol. Chem., 176, 


1371 (1948). 


. Westerfeld, W. W., and Richert, D. A., Federation Proc., 8, 265 (1949). 
. Williams, J. N., Jr., and Elvehjem, C. A., J. Biol. Chem., 181, 559 (1949). 
. Williams, J. N., Jr., Denton, A. E., and Elvehjem, C. A., Proc. Soc. Exp. Biol. 


and Med., 72, 386 (1949). 


. Williams, J. N., Jr., and Elvehjem, C. A., J. Biol. Chem., 183, 539 (1950). 
. Rosenthal, O., Rogers, C. 8., Vars, H. M., and Ferguson, C. C., J. Biol. Chem., 


185, 669 (1950). 


. Burr, G. O., and Burr, M. M., J. Biol. Chem., 82, 345 (1929). 

. Burr, G. O., and Beeber, A. J., J. Nuir., 14, 553 (1937). 

. Wesson, L. G., and Burr, G. O., J. Biol. Chem., 91, 525 (1931). 

. Weil, L., and Russell, M. A., J. Biol. Chem., 186, 9 (1940). 

. Swanson, M. A., and Artom, C., J. Biol. Chem., 187, 281 (1950). 

. Bensley, R. R., and Hoerr, N. L., Anat. Rec., 60, 449 (1934). 

. Hogeboom, G. H., Schneider, W. C., and Pallade, G. I2., J. Biol. Chem., 172, 


619 (1948). 


. Kennedy, E. P., and Lehninger, A. L., J. Biol. Chem., 179, 957 (1949). 
. Barki, V. H., Nath, H., Hart, E. B., and Elvehjem, C. A., Proc. Soc. Exp. Biol. 


and Med., 66, 474 (1947). 


. Hegsted, D. M., Mills, R. C., Elvehjem, C. A., and Hart, E. B., J. Biol. Chem., 


138, 459 (1941). 


. Schneider, W. C., and Potter, V. R., J. Biol. Chem., 149, 217 (1943). 
. Macfarlane, M. G., Biochem. J., 47, p. xxix (1950). 

. Bernheim, F., J. Biol. Chem., 133, 291 (1940). 

. Handler, P., and Bernheim, F., J. Biol. Chem., 144, 401 (1942). 


Stare, F. J., and Elvehjem, C. A., Am. J. Physiol., 105, 655 (1933). 
Williams, J. N., Jr., Nichol, C. A., and Elvehjem, C. A., J. Biol. Chem., 180, 
689 (1949). 


elm 
Te | 
Is is 
lack 
tion 
ira- 
mal 
the 
the 9 
diet 
tle | 
lefi- 7 
lied 8 
ates 9 
10 
| 
vity 13 
ins. 
ary 
1 
cids 17 
Tier 18 
zest 
and 22. 
ion. 
yme 
re- 
YUM 


STUDIES ON THE DETOXIFICATION OF 2-METHYL-1,4- 
NAPHTHOQUINONE IN RABBITS 


By DAN A. RICHERT 


(From the Department of Biochemistry, State University of New York, Medical Center 
at Syracuse University, Syracuse, New York) 


(Received for publication, December 14, 1950) 


It was previously reported (1) that about one-third of the 2-methy]l- 
1,4-naphthoquinone administered to rabbits was excreted in the urine 
in conjugated form. The conjugates were not identified. More recently 
Li, Elliott, and Doisy found that rats excreted 13 to 20 per cent of ad- 
ministered 2-methyl-1 ,4-naphthoquinone as identifiable products, of which 
a part appeared to be a 6-glucuronide (2). 

The object of this work was to study in greater detail the detoxification 
of this quinone in rabbits. It was found (a) to be excreted partially as 
the 4-hydroxy-2-methyl-1-naphthyl sulfate, (b) to stimulate the excre- 
tion of glucuronic acid, and (c) to cause the excretion of an unidentified 
blue pigment normally not present in rabbit urine. 


Methods and Results 


Quinone Administration—Each of six adult rabbits was given a sus- 
pension of 300 mg. of 2-methyl-1,4-naphthoquinone in 30 cc. of 10 per 
cent ethanol by stomach tube, followed by 30 cc. of water. This was 
repeated once after 24 hours. Urines were collected over a 48 hour period 
and pooled. Identical control collections were made prior to the treat- 
ment. The urines were preserved with chloroform during the collection 
periods and were immediately placed in the ice box. Aliquot samples of 
the pooled urines were analyzed for glucuronic acid by the method of 
Maughan, Evelyn, and Browne (3) and for 2-methyl-1 ,4-naphthoquinone 
by the method previously described (1). In the latter determination the 
urine was boiled with HCl to liberate free 2-methyl-1 ,4-naphthoquinone 
(or hydroquinone); the quinone was extracted with ether and then allowed 
to react with ethyl cyanoacetate to produce a blue color, the intensity of 
which was proportional to the concentration of 2-methyl-1 ,4-naphtho- 
quinone. (Substitutions of the quinone or hydroquinone molecule on 
position 1, 3, or 4 prevent the reaction with ethyl cyanoacetate.) 

Glucuronic Acid Excretion—The average of Experiments 1, 2, and 3 
(Table I) showed an increased excretion of 86.3 mg. of glucuronic acid and 
the excretion of 98.7 mg. of quinone per 24 hours following the admin- 
istration of 300 mg. of 2-methyl-1,4-naphthoquinone. This corresponds 
to 0.77 mm of glucuronic acid per mm of 2-methyl-1 ,4-naphthoquinone 
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excreted. The value for quinone excretion is minimal, since it was later 
observed that oxidative hydrolysis with ceric sulfate yielded quinone 
values which were 25 to 30 per cent higher than by the HCl hydrolysis 
procedure. The mole ratio of glucuronic acid to quinone excreted is 
therefore closer to 0.6. 

Whether the excreted glucuronic acid appeared as the glucuronide 
of 2-methyl-1 ,4-naphthohydroquinone was not ascertained by isolation of 
the compound. 

Isolation and Identification of Ethereal Sulfate—The isolation of a labile 
conjugated hydroquinone, subsequently identified as a monoethereal sul- 
fate, was guided by freeing 2-methyl-1 ,4-naphthoquinone from the con- 
jugate by acid hydrolysis and measuring the amount of blue color produced 
in a reaction with ethyl cyanoacetate (4, 1). The procedure for assaying 


TaBLeE I 
Glucuronic Acid Excretion after 2-Methyl-1,4-naphthoquinone Administration 


Glucuronic acid found, mg. per rabbit per 24 hrs. Quinone my By as rabbit 
Experiment No. 
P 
Control | “quinone Net 
1 174 265 91 89 29.7 
2 180 240 60 94 31.3 
3 122 230 108 113 37.7 
Average... 158.7 245 86.3 98.7 32.9 


the conjugated compound was as follows: A 2 cc. water solution of any 
fraction obtained during the purification process, 1 cc. of ethanol, and a 
drop of concentrated HCl were mixed and the solution was boiled under 
a reflux for 30 minutes. The hydrolyzed solution was diluted to a known 
volume (e.g. 10 cc.) with ethanol and color was developed with 1 ce. ali- 
quots by the addition of 2 drops of ethyl cyanoacetate and 5 cc. of 0.2 m 
sodium borate buffer, pH 10.5. Light absorption was measured with a 
540 muy filter and concentration was determined by comparison with the 
color produced by a standard solution of 2-methyl-1 ,4-naphthoquinone. 

Isolation Procedure—The chilled urines were acidified to pH 3 to 4 
with concentrated HCl. (The conjugate: was quite readily hydrolyzed 
at pH 1, even in the cold.) Enough solid sodium chloride was added to 
approach saturation of the solution. A dark flocculent precipitate, not 
formed in urines from untreated rabbits, was collected on a Biichner 
funnel and saved. A blue pigment was isolated from this fraction. Each 
liter of the filtered urine was extracted three times with 150 cc. of cold 
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amyl alcohol. The combined alcohol solutions were extracted three times 
with 150 to 200 cc. portions of 0.1 mM sodium bicarbonate. The aqueous 
bicarbonate solutions, containing the conjugated hydroquinone, were dried 
from the frozen state. 

54 gm. of such dried residues, containing approximately 3 gm. of quinone 
equivalent, were thoroughly mixed with 75 cc. of methyl alcohol, and 150 
ec. of cold acetone were added. The undissolved residue was collected 
by filtration and reextracted several times. The combined extracts yielded 
36 gm. of an oily residue which contained 2.8 gm. of conjugated hydro- 
quinone. 

The residue was dissolved in a small volume of methanol and 7 volumes 
of cold acetone were added. The solution was decanted and the residue 
was redissolved in methanol and reprecipitated twice with acetone. 15 
gm. of impurities were left in the discarded insoluble residue and most of 
the hydroquinone conjugate was present in the acetone-methanol solu- 
tion. The solvents were evaporated under diminished pressure, and the 
oily residue was extracted several times as before but 11 volumes of cold 
acetone were used to precipitate impurities from the methanol solution. 
The solvents were again evaporated. The residue finally was dissolved 
in 5 cc. of methanol and now the addition of 70 cc. of cold acetone caused 
no further precipitation. 

Impurities were removed from this solution by adsorption on Harshaw’s 
alumina.! The alumina was adjusted to pH 5 with HCl and dried. The 
column was 16 mm. in diameter and contained 1 gm. of alumina for each 
ec. of solution chromatographed. The column was pretreated with cold 
methanol-acetone (1:14) and the process of adsorption was carried out 
in the cold room to insure a greater stability of the labile conjugated 
compound. The methanol-acetone solution of the urine extract was forced 
through the column with air pressure and was followed with 5.5 volumes 
of cold methanol-acetone (1:14). The solvents from the column con- 
tained 7 gm. of solids which included 2 gm. of quinone equivalent of the 
conjugate. 

It was necessary to stabilize the compound before additional purifica- 
tion steps could be accomplished. This was done by converting it to a 
methyl ether? with diazomethane. The previous fraction was dissolved 


1 Al-1 powder, 60/100 mesh, The Harshaw Chemical Company, Cleveland, Ohio. 

2 The methylated derivative of the conjugated hydroquinone could not be followed 
by the previously described procedure because it was not readily hydrolyzed to the 
free hydroquinone by HCl; however, it could be split with ceric sulfate (5). The 
fractions were assayed as follows: 1 cc. aliquots were allowed to react for 1 hour at 
60° with 2 cc. of glacial acetic acid and 1 cc. of 0.1 N ceric sulfate inl N H:SO,. The 
free quinone was extracted with ether and the procedure with ethyl cyanoacetate 
was applied to the alcohol solution of the residue from this extract. 
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in 20 cc. of dioxane and an ether solution of diazomethane was added. 
1 gm. of impurities was removed by extracting an aqueous solution of 
the methylated fraction with chloroform. The water was evaporated 
from the frozen state. The dry residue was dissolved in methanol, and 
white crystals were obtained from a methanol-ether solution. Once ob- 
tained in crystalline form, the compound was quite readily recrystallized 
by dissolving it in a minimum amount of warm methanol and adding 1 to 
2 volumes of ethyl ether. It decomposed at 94.5-95.5°.2 The yield was 
350 mg. 

Identification—The following analytical results agreed with those re- 
quired by 4-methoxy-2-methyl-l-naphthyl sodium sulfate monohydrate. 


Analysis—(Sample dried at 78.5° and 1.5 mm. of Hg) 
CiwHi10O;SNa-H.0O. Calculated. C 46.75, H 4.22, S 10.38, Na 7.46 
Found. 46-70, 4.38, ** 10.21, ** 7.16 


Identification of 2-Methyl-1,4-naphthoquinone Formed by Complete 
Hydrolysis—40 mg. of the above compound were dissolved in 2 cc. of glacial 
acetic acid to which was added 1 cc. of 0.1 M ceric sulfate in 1 N H.SO,. 
The solution was allowed to react at 60° for 1 hour and then extracted 
with ethyl ether. The ether was evaporated, and the residue was dis- 
solved in 1 cc. of methanol, from which the quinone was allowed to crystal- 
lize. The melting point of the once recrystallized material was 105.5- 
106°. The mixed melting point with 2-methyl-1 ,4-naphthoquinone (m.p. 
105-—105.5°) was 104.5—-105°. 

The 2 ,4-dinitrophenylhydrazone derivative of the above 2-methyl-1 ,4- 
naphthoquinone, prepared by boiling under a reflux for 5 minutes a solu- 
tion of 10 mg. of the quinone and 15 mg. of 2,4-dinitrophenylhydrazine 
in 5 cc. of ethyl alcohol, and recrystallizing from chloroform, decomposed 
at 303° (300-301°, uncorrected, capillary method). ‘The same derivative 
of authentic 2-methyl-1 ,4-naphthoquinone prepared by the same method 
decomposed at 305° (300.5-301°, capillary) and the mixture at 304-305”. 

Identification of 4-Methoxy-2-methyl-1-naphthol Formed by Partial Hydroly- 
sis—47 mg. of the isolated compound were dissolved in 15 cc. of cold 0.1 N 
HCl, placed in a separatory funnel with 50 cc. of ether, and stored in the 
ice box for 40 hours. The aqueous phase was extracted with several por- 
tions of ether; the combined ether extracts were dried over Na2SO, and 
evaporated. White crystals melting at 103.5° were obtained from an 
ether-petroleum ether solution of this residue. The substance contained 
no sulfur and did not give a color with ethyl cyanoacetate. When mixed 


3 All melting points reported were obtained with the Fisher block unless other- 
wise indicated. 
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with a sample of 4-methoxy-2-methyl-l-naphthol* melting at 103°, the 
mixture melted at 102.5-103°. The mixed melting point (decomposition) 
with 2-methyl-1 ,4-naphthoquinone was 47°. 

The identification of 4-methoxy-2-methyl-l-naphthol derived from the 
methoxy-2-methyl-1l-naphthy] sulfate originally isolated shows the attach- 
ment of the sulfuric acid ester group in the original compound to be on 
carbon atom 1. It is concluded from this evidence that a portion of the 
administered 2-methyl-1,4-naphthoquinone is reduced to the hydroqui- 
none and is subsequently esterified with sulfuric acid in position 1. The 
excreted compound is 4-hydroxy-2-methyl-1l-naphthyl sulfate. 

Occurrence of Unidentified Pigment in Urine—The dark precipitate which 
was collected on the Biichner funnel from the acidified urine was dissolved 
in 0.05 n NaOH. A blue pigment was adsorbed from this solution on a 
column of Florisil.5 Water was passed through the column until it was 
essentially free from a brown pigment, much of which passed through 
with the first portions of water. ‘The blue pigment was then eluted with 
acetone. 

An absorption spectrum of the pigment dissolved in acetone obtained 
with a Coleman spectrophotometer showed maximum absorption at 540 
mu. No further identification of this compound was attempted. 


SUMMARY 


2-Methyl-1 ,4-naphthoquinone was administered orally to rabbits. 
4-Hydroxy-2-methyl-l-naphthyl sulfate was isolated from the urine. The 
rabbits were also found to excrete increased amounts of glucuronic acid, 
and a blue pigment with maximum absorption at 540 my appeared in the 
urine as a result of the quinone administration. 


Acknowledgments are made to Susan Gehm for her technical assist- 
ance, to Dr. D. W. MacCorquodale of the Abbott Laboratories for the 
2-methyl-1 ,4-naphthoquinone, to Dr. S. B. Binkley of the Bristol Labo- 
ratories, Inc., for the carbon and -hydrogen analyses, and to Dr. B. R. 
Baker of the Lederle Laboratories Division, American Cyanamid Com- 
pany, for the 4-methoxy-2-methyl-1l-naphthol. 
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A STUDY OF THE MEASUREMENT OF 4-PYRIDOXIC ACID 
IN URINE* 


By HERBERT P. SARETT 


(From the Nutrition Research Laboratory, Departments of Medicine and Biochemistry, 
Tulane University School of Medicine, New Orleans, Louisiana) 


(Received for publication, October 30, 1950) 


In 1944, Huff and Perlzweig (1, 2) isolated from human urine a pyri- 
doxine metabolite, which they identified as 2-methyl-3-hydroxy-4-carboxy- 
5-hydroxymethylpyridine (4-pyridoxic acid). For the estimation of the 
urinary excretion of this substance they converted the 4-pyridoxic acid 
to its highly fluorescent lactone form by heating the urine in acid solu- 
tion and measured the fluorescence of this lactone at pH 9 (2). Using 
this method, other workers have shown that 4-pyridoxic acid is the pre- 
dominant vitamin Bs, metabolite excreted in urine, either normally or 
after supplements of pyridoxine, pyridoxal, or pyridoxamine are adminis- 
tered (3-5). 

The present communication deals with a critical study of the measure- 
ment of 4-pyridoxic acid in urine and discusses the limitations of the 
method of Huff and Perlzweig (2). Inclusion of certain substances in the 
diet may give erroneously high values for 4-pyridoxic acid excretion. 
pH-fluorescence curves on urine obtained from subjects who are receiving 
no added pyridoxine compounds show the presence of other compounds 
which interfere with the accurate estimation of 4-pyridoxic acid. Analy- 
ses of urine obtained after ingestion of supplements of pyridoxal hydro- 
chloride (25 mg.) show pH-fluorescence curves similar to that of the 
synthetic lactone, since interfering substances are removed by dilution. 


EXPERIMENTAL 


Several details of the method proposed by Huff and Perlzweig (2) for 
measurement of 4-pyridoxic acid were modified in this laboratory. The 
volume of urine usually taken for analysis is either 0.002 of the 24 hour 
volume or 0.0005 of the 4 hour urine obtained after a supplement of 25 mg. 
of pyridoxal hydrochloride... The urine sample is diluted to 5 ml. in a 
test-tube, 5 ml. of 2 Nn HCl are added, and the tube is immersed in a boil- 


* This work was supported by grants from the Nutrition Foundation, Inc., the 
Williams-Waterman Fund of the Research Corporation, and the Division of Re- 
search Grants and Fellowships of the National Institutes of Health, United States 
Public Health Service. 

1 The pyridoxine, pyridoxal, and the lactone of 4-pyridoxic acid were generously 
supplied by Merck and Company, Inc., Rahway, New Jersey. 
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ing bath for 15 minutes. This mixture is cooled and diluted to a total 
volume of 80 ml. with 70 ml. of a solution containing 8 ml. of 1 N NaOH 
to neutralize the acid partially. The addition of 2 ml. of the resultant 
solution to 8 ml. of a 1 per cent sodium borate solution (in a cuvette) 
results in a solution of pH 9 + 0.3, which is optimum for the fluorescence 
of the lactone. The blank value for the urine fluorescence is obtained 
from a sample of unheated urine which is diluted to 80 ml. with a solu- 
tion containing 5 ml. of 2 Nn HCl and 8 ml. of 1 N NaOH, and further 
diluted with sodium borate solution as described above. 

Fluorescence measurements are made with a Coleman model 12A pho- 
tofluorometer; Filters B-1 and PC-1 were used and the instrument set at 
maximum sensitivity. A solution of 0.15 y of quinine sulfate per ml. 
of 0.1 N sulfuric acid gives a reading of about 65 with our instrument. 
Under these conditions, 2 to 6 y of 4-pyridoxic acid in the initial sample 
provide adequate readings. If the fluorescent readings for the urines are 
too high, a portion of the 80 ml. may be diluted with water and 2 ml. of 
this solution added to 8 ml. of the sodium borate solution. 

A stock solution of the lactone of 4-pyridoxic acid! (100 y per ml.) 
is made up in 0.1 N HCl and kept in the refrigerator. A dilute working 
standard containing 3 y per ml. is prepared for each set of analyses, and 1 
and 2 ml. samples are used. After 2 to 3 months, about 10 per cent of 
the lactone in the stock solution is present as the hydroxy acid. It is 
therefore necessary to heat the dilute standards of the lactone with acid 
and treat them in the same way as the urine samples. The lactone ring 
may be readily opened by heating with 0.5 n NaOH in a boiling water 
bath for 15 minutes, and the hydroxy acid formed may be completely 
lactonized under the conditions outlined in the method. 

A blank is obtained by diluting 5 ml. of 2 Nn HCl and 8 ml. of 1 n NaOH 
to 80 ml. A 2 ml. aliquot of the resulting solution is then added to 8 
ml. of the sodium borate solution. 

In some experiments, the fluorescence of the lactone and of the treated 
urine samples was determined at different pH values in order to obtain 
pH-fluorescence curves. For these measurements, the acid-heated sam- 
ples were carefully neutralized to pH 7 before diluting to 80 ml., and 2 ml. 
portions were then added to 8 ml. of 2 per cent acetate (pH 2, 3, 4, 5), 
phosphate (pH 6, 7), or borate (pH 8, 9, 10) buffers of the desired pH. 
Unheated urine samples were used to obtain the blank fluorescence of the 
urine at each pH value. 

pH-Fluorescence Curves of Lactone in Urine—The pH-fluorescence curve 
which Huff and Perlzweig (2) presented for the lactone of 4-pyridoxic 
acid has been used as a criterion for the validity of urine measurements. 
A curve similar to this should be obtained with urine samples, but this 
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has not been found with normal 24 hour urines. Analyses of urines ob- 
tained after ingestion of excess pyridoxine or pyridoxal show curves simi- 
lar to that of the synthetic lactone, since interfering substances are re- 
moved by dilution. Fig. 1 shows the pH-fluorescence curves which are 
obtained for the synthetic lactone, a normal 24 hour urine (containing 
about 6 mg. of 4-pyridoxic acid-like compounds), and a 4 hour urine of a 
subject who excreted 12 mg. of 4-pyridoxic acid following a 25 mg. sup- 
plement of pyridoxal hydrochloride. The fluorescence readings are cor- 
rected for the blank fluorescence of the unheated urine at each pH. The 
curve for the 4 hour urine corresponds closely to that for the standard 
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URINE AFTER PYRIDOXAL- HC! 
SYNTHETIC LACTONE 
NORMAL URINE 


FLUORESCENCE 
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Fig. 1. pH-fluorescence curves obtained with samples of (Curve I) 0.5 ml. of a 
4 hour urine (1000 ml.) after a supplement of 25 mg. of pyridoxal hydrochloride, 
(Curve II) 6 y of the synthetic lactone of 4-pyridoxic acid, and (Curve III) 1 ml. of 
a normal 24 hour urine (2000 ml.). The fluorescence values are presented as gal- 
vanometer divisions on the Coleman photofluorometer and are corrected for the 
blank fluorescence of the unheated urine at each pH. 


lactone, and shows no fluorescence in the acid range. However, in the 
24 hour urine, significant fluorescence is obtained in acid solution, and the 
curve represents the fluorescence of the lactone plus other substances. 
It is not possible to determine to what extent the compounds responsible 
for the fluorescence in the acid region interfere with the measurement of 
the lactone at pH 9. The difference in fluorescence between urine heated 
in acid and urine which is not heated may be due to other changes beside 
the formation of a lactone from a hydroxy acid. The blank fluorescence 
of the unheated urine is usually of considerable magnitude and cannot 
be considered a true blank. 

Several attempts have been made to clear the urine of some of the 
interfering compounds prior to assay, but these have not been successful 
as judged by the pH-fluorescence curves obtained. Extraction of nor- 
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mal urine (at pH 4) two to four times with ether or chloroform does not 
appreciably change the fluorescence curves or the values for the lactone. 
Ether extraction had previously been found to remove some of the inter- 
fering substances in urine resulting from supplements of DL-tryptophan 
in the diet (6-9). Decalso (60 to 80 mesh, treated with acetic acid and 
KCl solution, and washed until free of chloride) removes most of the 
substances which fluoresce in the acid range, but only partially adsorbs 
the 4-pyridoxic acid in standards or urines at pH 2 to 5. The poor ad- 
sorption of the lactone form of 4-pyridoxic acid by Decalso may provide 
« method of clearing the urine after heating it in acid solution. 

Charcoal (100 mg., Mallinckrodt, decolorizing) completely removes 4- 
pyridoxic acid or its lactone (100 y) from standard solutions and urines 
at pH 4 to 5. Precipitation of lead hydroxide or calcium hydroxide re- 
moves some 4-pyridoxic acid from solution. Zinc hydroxide precipitation 
does not remove any 4-pyridoxic acid from standards or urines, but re- 
sults in no improvement in the pH-fluorescence curves of the urines. 

Interfering Substances in Diet—In 1948, Butler and Sarett (10) were 
unable to explain the daily urinary excretion of about 30 mg. of 4-pyri- 
doxic acid-like compounds by subjects on a diet high in starch and su- 
crose. The use of 5 to 10 ml. of an artificial vanilla flavoring in preparing 
some of the starch pudding has since been shown to have been responsible 
for the high values. The flavoring had been tested before it was used 
and appeared to contain only 2 to 3 y of 4-pyridoxic acid-like compounds 
per ml. The addition of 5 to 10 ml. of this vanilla flavor to other diets 
increased the apparent excretion of 4-pyridoxic acid 30 to 70 mg. per day 
and was responsible for the high values reported by Butler and Sarett 
(10). The vanilla flavor is composed of vanillin, coumarin, and pure 
vanilla extract. These were fed separately to a subject on a basal diet 
and it was determined that a metabolite of coumarin was responsible for 
the high excretion values (Table I). Heating coumarin in acid solution 
does not increase its fluorescence at pH 9, but similar treatment of the 
urine containing the coumarin metabolite results in a pH-fluorescence 
curve which is almost identical with that of the lactone of 4-pyridoxic 
acid (Fig. 2). 

The coumarin metabolite responsible for this fluorescence reacts simi- 
larly to 4-pyridoxic acid in several other ways. It is not removed from 
acidified solution by ether extraction, is partially removed by treatment 
with Decalso, and is completely adsorbed by small amounts of charcoal. 
The conversion to the fluorescent form by heating with acid and its re- 
versal by heating with alkali are similar to that found for 4-pyridoxic 
acid. 

Coumarin is the lactone of the cis form of o-hydroxycinnamic acid 
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(coumarinic acid) and is readily converted to coumarinic acid by heating 
with alkali. The coumarin metabolite in urine is probably a hydroxy 
acid which is changed to a fluorescent lactone form by heating in acid 


TaBLeE 


Urinary Excretion of 4-Pyridoxic Acid-Like Compounds Following Ingestion by Man 
of Components of Vanilla Flavor 


Days Dietary supplement 4-Pyridoxic acid 
mg. 
1-2 3.0 
3 75 mg. coumarin* 42.0 
4 40.0 
5-6 2.9 
7 225 mg. vanillin* 2.3 
9-10 3.2 
11 5 ml. vanilla extract* 2.6 
12 5 3.0 


* Corresponds to the amount present in 10 ml. of vanilla flavoring. 


SOF 
I(e) URINE AFTER COUMARIN 


SYNTHETIC LACTONE 
Ill) URINE AFTER PYRIDOXAL: HCI. 


FLUORESCENCE 


Fic. 2. pH-fluorescence curves obtained with samples of (Curve I) 0.15 ml. of a 
24 hour urine (1500 ml.) after a supplement of 75 mg. of coumarin, (Curve II) 6 + 
of the synthetic lactone of 4-pyridoxic acid, and (Curve III) 0.2 ml. of a 4 hour 
urine (400 ml.) after a supplement of 25 mg. of pyridoxal hydrochloride. The fluo- 
rescence values are presented as galvanometer divisions on the Coleman photo- 
fluorometer and are corrected for the blank fluorescence of the unheated urine at 
each pH. 


solution. Coumarinic acid cannot be the substance involved, since its 
lactone form, coumarin, exhibits a total fluorescence at pH 9, correspond- 
ing to only 0.05 per cent that of the lactone of 4-pyridoxic acid. This 
would not account for the excretion of 40 mg. of 4-pyridoxic acid-like 
compounds which are obtained when 75 mg. of coumarin are fed (Ta- 


not 
ne, 
Ler- 
1an 
und 
ad- 
ride 
4- 
nes 
re- 
ion 
re- 
rere | | 
ible 
ised 
nds 
lets 
day 
rett 
ure ae 
diet = 
for 
‘ion 6 7 8 9 10 
the pH 
nce 
imi- 
rom 
ent 
oal. 
re- 
OXIC 
acid 
XUM 


774 4-PYRIDOXIC ACID IN URINE 


ble I). It is possible that a hydroxy acid, closely related to coumarinic 
acid, is the urinary metabolite. The lactone form of many of these com- 
pounds is highly fluorescent and in some cases shows pH-fluorescence 
curves which resemble that found in Fig. 2 for the acid-heated coumarin- 
metabolite (11). 

Many foods have been found to contain substances which fluoresce 


TaBLeE II 
Concentration of 4-Pyridoxic Acid-Like Substance in Foods 
4-Pyridoxi 4-Pyridori 
Food Food 
per gm. per gm. 
Mustard greens.............. 3 Grapefruit juice............... 7 
1 Vanilla flavoring, artificial..... 2 
TaBLeE III 


24 Hour Urinary Excretion of 4-Pyridoxic Acid-Like Compounds by Subjects on 
Various Diets 


4-Pyridoxic acid 
Diet No. of subjects 
Range Average 
mg. mg. 


under conditions used for analysis of 4-pyridoxic acid. The values for 
some of these, in terms of 4-pyridoxic acid, are shown in Table II. These 
values do not indicate whether any 4-pyridoxic acid is present in these 
foods, or whether any precursors of fluorescent substances are present. 
The fluorescence of sucrose under these conditions is not due to any im- 
purity (it cannot be removed by charcoal) and has been shown to be due 
entirely to its fructose content. The pH-fluorescence curve of sucrose 
differs from that of the lactone. The metabolism of sucrose in the body 
precludes its interference in analysis of 4-pyridoxic acid in normal urine, 
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but in any attempts at analysis of 4-pyridoxic acid in foods containing 
sucrose or fructose this must be taken into account. 

Values for Urinary Excretion of 4-Pyridoxic Acid—The 24 hour urinary 
excretion of 4-pyridoxic acid-like compounds has been measured in the 
urine of 60 subjects on various diets and is shown in Table III. Sub- 
jects on normal self-selected diets have been found to excrete 0.6 to 11.1 
mg. (average 3.4 mg.) per day, whereas subjects who have been main- 
tained for 6 to 10 day periods on basal corn or wheat diets low in B vita- 


AFTER 25 MG. PYRIDOXAL: HCI 


AFTER 
25 MG, PYRIDOXINE: — 


MG. 4-PYRIDOXIC ACID EXCRETED 


al AFTER 
/ pv 10 MG. PYRIDOXINE: HC! 
2 
(e) 4 8 12 i6 20 24 


HOURS AFTER INGESTION 


Fic. 3. The excretion of 4-pyridoxic acid following ingestion of 10 and 25 mg. 
supplements of pyridoxine or pyridoxal hydrochloride. 


mins (6-9) excrete’0.4 to 2.1 mg. (average 1.4 mg.) per day. Nine sub-— 
jects who subsisted on 4 to 5 quarts of milk per day for 3 days excreted 
0.6 to 1.7 mg. (average 1.1 mg.) on the 3rd day, and five subjects who 
had no food for 3 days excreted 0.2 to 1.8 mg. (average 1.0 mg.) per day. 
Although the self-selected diets probably supplied more pyridoxine com- 
pounds than either the milk diet or the wheat or corn diet, the higher 
excretion of 4-pyridoxic acid compounds on the self-selected diets may be 
due in part to the presence of fluorescent substances in the urine which 
are not derived from pyridoxine compounds. Mueller and Vilter (12) 
found 0.7 to 7.8 mg. (average 3.9) of 4-pyridoxic acid in the 24 hour 
urines of eight subjects. Other workers have found the average 24 hour 
urinary excretion of 4-pyridoxic acid of subjects on unrestricted diets to 
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be 3.1 mg. (3) and 3.5 mg. (4). These figures agree well with the findings 
for the unrestricted group in the present study. In an experiment in 
which subjects were kept on an all vegetable basal diet containing 0.78 
mg. of vitamin Bez, the average daily urinary excretion of 4-pyridoxic 
acid was 2.4 mg. (5). The questionable significance of 4-pyridoxic acid 
measurements in normal urine makes it difficult to evaluate this balance 
study. 

Rate of Excretion of 4-Pyridoxic Acid Following Ingestion of Pyridoxine 
and Pyridoxal—In order to evaluate the possibility of using a vitamin B, 
test dose as an index of nutritional status in man, the rate of excretion of 
4-pyridoxic acid after ingestion of pyridoxine and pyridoxal was first in- 
vestigated. The excretion of 4-pyridoxic acid following oral supplements 
of 10 or 25 mg. of pyridoxine hydrochloride or pyridoxal hydrochloride 
is shown in Fig. 3. Each curve is the average for two to five subjects. 
Pyridoxal is converted to 4-pyridoxic acid much more rapidly and to a 
greater extent than is pyridoxine. Most of the extra 4-pyridoxic acid 
excretion following pyridoxal ingestion occurs within the first 4 hours. 
These data agree with the findings of Rabinowitz and Snell (4) who used 
100 mg. supplements. Since the excretion after a 10 mg. test dose of 
pyridoxal hydrochloride may be markedly influenced by variations in the 
basal excretion, the 4 hour excretion of 4-pyridoxic acid following a 25 
mg. supplement of pyridoxal hydrochloride has been adopted for study- 
ing the excretion of the test dose.’ 


SUMMARY 


The Huff and Perlzweig method for measurement of 4-pyridoxic acid in 
urine has been studied. 

pH-fluorescence curves show that in normal urines substances other 
than 4-pyridoxic acid may -be measured by the method, and erroneous 
values for 4-pyridoxic acid excretion may be obtained. In urine ob- 
tained after test doses of pyridoxine compounds the interfering sub- 
stances are eliminated by dilution. 

The addition to the diet of 75 mg. of coumarin or of vanilla flavor con- 
taining approximately this amount of coumarin increases the apparent 
4-pyridoxic acid excretion by 30 to 70 mg. The pH-fluorescence curve 
of the acid-heated urine containing the coumarin metabolite closely re- 
sembles that of the lactone of 4-pyridoxic acid. 

The data suggest that the values obtained by this method for normal 
excretion of 4-pyridoxic acid may be too high. The method is useful, 
however, in excretion studies following test doses of vitamin Bz com- 
pounds. 


2 Lossy, F. T., Goldsmith, G. A., and Sarett, H. P., unpublished results. 
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CHEMICAL INTERFERENCES IN CELLULAR METABOLISM. 
CINNAMATE EFFECTS* 


By E. C. WEINBACH, H. J. LOWE, W. R. FRISELL, anv 
LESLIE HELLERMAN 


(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore, Maryland) 


(Received for publication, August 10, 1950) 


For some time we have been studying in parallel the mechanism and 
control of enzymatic action and the interference exercised by certain 
substances with metabolism in selected tissues and cells (1). In this 
paper we present the results of one of these studies. Interesting effects, 
especially “shunts” in metabolism, have been observed in slices of various 
organs of the guinea pig and rat in the presence of the ions of benzoic, 
cinnamic, and certain other acids. ‘These anions possess the constituent 
grouping 


—C=C—C00- 
(I) 


and previously have been found (1, 2) to interfere with the oxidation of 
D-amino acids through a reversible competition of the inhibitor and sub- 
strate for the isolated flavoenzyme, D-amino acid oxidase of kidney. We 
have considered significant a certain structural similarity in the inhibitors 
and the iminoketonic acid products of amino acid oxidation. 

The subject as it relates to tissues recalls observations previously de- 
scribed of inhibitions by benzoic acid and related compounds of the oxida- 
tion of various substrates in kidney’ and liver preparations. Such sub- 
strates (3, 4) are butyric, crotonic, and acetic acids (cf. (5, 6)), as well as 
certain L- and p-amino acids (7-9). It has been suggested (9) that the 
action of certain inhibitors is concerned with intermediate metabolic 
processes involving various oxidations associated with ammonia formation 
in liver and kidney. 

We have confirmed many of the older observations and in addition have 
found that in the presence of certain inhibitors the aerobic lactate ac- 
cumulation is increased to approximately the anaerobic level; in short, 
there has been observed a reversal of the Pasteur effect as applied to our 
material. 


* This investigation was supported by a research grant from the National Cancer 
Institute, United States Public Health Service. The authors were assisted by Miss 
A. E. Sturmfels. 
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Methods 


Oxygen consumption and glycolysis were measured manometrically in 
Warburg respirometers at 37°. Krebs-Ringer phosphate (pH 7.0) and 
Ringer-bicarbonate (pH 7.3) buffers (10) were used. Respiration in bi- 
carbonate buffer was followed by the method of Pardee (11). Protein- 
free aliquots were obtained for chemical analysis after addition of tri- 
chloroacetic acid to the vessel contents and centrifugation. Lactate was 
estimated chemically by the method of Barker and Summerson (12), 
adapted for the Coleman spectrophotometer, model 6A. Glucose was 
estimated by the Somogyi-Nelson method (13). Phosphoglyceric acid 
was hydrolyzed with 10 m sulfuric acid and the phosphate determined by 
the Fiske-Subbarow method according to the procedure of Lohmann (14, 
10). Borsook and Dubnoff’s modification (15) of the Friedemann- 
Haugen method was used to follow pyruvate utilization. No correction 
for any accumulation of oxalacetate or a-ketoglutarate was found neces- 
sary. Ammonia was isolated by the aeration technique (16) and de- 
termined by the method of Moore and Stein (17). 

Rats and guinea pigs, approximately 6 to 8 weeks old, were killed by a 
blow to the cervical region and the organs were extirpated and placed in 
cold saline. A few experiments with older animals indicated that age of 
the animal affected the results negligibly. After slicing by the usual 
free-hand technique, the tissues were transferred to cold buffer solutions. 
The diaphragm was quartered rather than sliced. The tissues were 
weighed on a torsion balance and then placed serially in small beakers 
containing iced buffer until a sufficient number had been weighed for one 
bank of Warburg flasks. After being blotted, the tissues were transferred 
to the manometric flasks. This procedure minimized the amount of 
preformed metabolites and facilitated simultaneous transfer of the tissues. 

In the early experiments with kidney slices, final dry weights were 
used in calculation of the metabolic quotients. Final dry weights of 
_ brain and liver slices produced erratic replicates owing to mechanical loss 
and diffusion; therefore initial dry weights were employed in subsequent 
experiments. This procedure yields metabolic quotients lower than those 
commonly found in the literature (18). 

Usually, substrates were added from the side arm at zero time in the 
form of their sodium salts adjusted to pH 7. Pyruvate solutions were 
prepared by careful neutralization at 0° of highly purified pyruvic acid 
(19). Solutions of 3-phosphoglycerate were prepared by treatment of 
barium phosphoglycerate with excess sodium sulfate in slightly acid solu- 
tion and removal of barium sulfate, followed by adjustment to pH 7.4 
with sodium hydroxide. Phosphoryl-enolpyruvic acid,'! obtained as the 


1 We are indebted to Dr. Wendell T. Caraway for the preparation of this com- 
pound. 
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silver-barium salt by the method of Baer and Fischer (20), was freed of 
silver by solution in a slight excess of 0.2 m hydrochloric acid and centrifu- 
gation. The solution was freed of barium by the addition of a slight 
excess of sodium sulfate, removal of barium sulfate, and adjustment to 
pH 7.4 with sodium hydroxide. When substrates were present initially, 
or when their utilization was followed analytically, zero time concentrates 
were determined. Except as noted, each vessel contained 2.0 ml. of 
buffer, a final concentration of 0.01 m inhibitor, and 0.015 m substrate, 
made up to a total volume of 2.4 ml. 


EXPERIMENTAL 


In the studies of interference by cinnamate and related inhibitors two 
effects are evident: (1) the respiration is suppressed, and (2) the rate of 
aerobic lactate production is increased, approaching in some tissues the 
anaerobic level. 

These effects in various tissues, held in different buffer media in the 
presence and absence of added dextrose, are shown in Table I. Without 
added substrate, the inhibition observed in the presence of cinnamate is 
approximately 50 per cent for guinea pig and rat kidney (cf. (7, 9)). 
Table I shows also that cinnamate greatly enhances the production of 
lactate in the presence of added glucose. This effect is most marked for 
guinea pig tissues, particularly kidney cortex and brain, which, of the 
tissues studied here, have the largest capacity for glycolysis. However, 
the per cent increase in lactate production is of the same relative magni- 
tude in all the tissues investigated, in the sense that this approaches the 
anaerobic lactate production observed in such tissues. In the absence of 
added glucose (endogenous metabolism), there is no significant increase in 
the lactate level after the addition of cinnamate or related inhibitors. 

The course of glycolysis for kidney cortex of the guinea pig under 
various conditions is plotted in Fig. 1. Curves I, II, and III represent 
similar experiments accomplished in an oxygen environment in bicarbon- 
ate, phosphate, and bicarbonate plus phosphate buffers, respectively. 
Curve I illustrates the normally low “aerobic” lactate level for kidney 
slices, while Curve II indicates an almost linear lactate accumulation in 
phosphate buffer. When the mixture of the two buffers is employed, 
there is a rapid initial lactate accumulation which ceases after the first 30 
minutes (Curve III). Curve IV is similar to Curve II and illustrates the 
relationship of reduced oxygen partial pressure to the rate of lactate 
accumulation in phosphate. Curve V represents the anaerobic (95 per 
cent N2-5 per cent CO,) lactate accumulation. Of paramount interest for 
this investigation is the effect exhibited by Curve VI: in the presence of 
cinnamate and bicarbonate (cf. Curve I) the aerobic lactate production is 
increased to the anaerobic level. 
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Ionic Effects; Reversibility—In view of the slight solubility of mag- 
nesium cinnamate (21) it seemed possible that cinnamate in general might 
influence oxidation by removal of a divalent cation (22). Inhibitions in 
the usual phosphate buffer media (cf. (23)) have been attributed to the 
removal of calcium ions from the medium as calcium phosphate or acid 
phosphate (24). To evaluate this in reference to our observations, slices 
of guinea pig kidney were incubated for 1 hour, either in phosphate or in 
bicarbonate medium with added cinnamate and dextrose, after which the 
tissues were removed to cinnamate-free bicarbonate medium (plus dex- 


BUFFER GAS PHASE] ! 


w BICARBONATE 95% 0,,5%60, 
|e "+ PHOSPHATE SAME 
= 70 + PHOSPHATE 100% O, a - 
> |e AIR 
& BICARBONATE 95%Np,5%CO vl 
= 80.01M CINNAMATE 
y ¥ 
T T T 
aq 
+ 

0) 20 40 60 80 100 120 
MINUTES 


Fig. 1. Course of glycolysis for slices of guinea pig kidney cortex under various 
conditions (see the text). 


trose) for a 2nd hour (Table II). Manipulation of slices from the usual 
bicarbonate medium to another portion of the same buffer for the 2nd 
hour resulted in no increase in lactate production, while transfers from 
phosphate to bicarbonate did not prevent accelerated production of lac- 
tate (Fig. 1, Curve II). On the other hand, the transfers from cin- 
namate-buffer to cinnamate-free media resulted in a marked decrease 
in lactate production, approximately to the normal value (control, after 
transfer), coincidental with the restoration of the level of respiratory 
activity. The withdrawal of calcium and magnesium ions from the media 
did not appear to affect significantly these results. 

Nature of Inhibition—It was considered that the increased lactate 
output might arise either as a result of decreased oxidative utilization of 
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pyruvate, intermediate in glucose metabolism, or as a result of an ac- 
celerated glycolysis, whether initiated directly or indirectly. Presumably 
the effect first named could occur by interference with the condensation 
of pyruvate (or a product therefrom) with oxalacetate, or, by inhibition 
of one or more of the reactions in the tricarboxylic acid cycle. 
Cinnamate apparently does not compete with cocarboxylase? if this sub- 


TABLE II 
Reversibility of Inhibitor Effect; Buffer Composition 

Slices of guinea pig kidney. All calculations based on the initial dry weights, 
calculated from the initial wet weights. Each vessel contained 2.0 ml. of buffer; 
inhibitor added from the side arm at zero time; final volume 2.4 ml. The flasks were 
incubated 1 hour, and the tissues removed, washed in fresh buffer, and placed 
in the appropriate flasks. After the usual gassing and equilibration, they were in- 
cubated an additional hour. Glucose present in all flasks. All lactate values cor- 
rected for accumulation to zero time. 


Lactate per 
Medium, Ist hr. Medium, 2nd hr. weight 
nations per hr. (after transfer) 
6 Bicarbonate* 8.3 Bicarbonate* 9.3 
(7.8- 8.8) 
3 Same minus MgCl, 9 
3 CaCl. 10 
3 and 13 
MgCl, 
3 Bicarbonate + 36.0 Bicarbonateft 14 
cinnamateft Same minus MgCl, 20 
«CaCl, 20 
“MgCl, 18 
and CaCl, 
6 Phosphate 9.4 Bicarbonate 15.4 
(7.0-13.0) 


*Qo,, Ist hour, 8.5; 2nd hour, 11.0. | 
+ Q83, Ist hour, 5.2; 2nd hour, 11.0. 


stance is cell-permeable under the conditions, since addition (cf. (25)) of 
this coenzyme (0.005 m) does not prevent the accumulation of lactate. 
Employing a variety of substrates and metabolic intermediates, including 
several associated with the cycle, we did not observe inhibitions of suf- 
ficient magnitude to account for the characteristic metabolic effects of 
cinnamate and related inhibitors. This contrasts with results obtained 
in parallel tests with fluoroacetate (see below). 

Thus, with no added substrate, cinnamate (Table III) reduces the 


2 We are grateful to Merck and Company, Inc., for a gift of cocarboxylase. 


Ss 
yy 


WEINBACH, LOWE, FRISELL, AND HELLERMAN 785 


respiratory rate, Qo,, from 11.6 to 5.2, a decrease of 6.4. In the presence 
of added substrate, the decrement in Qo, rarely is greater than 6.4, and in 
most cases is less. This might suggest that the ‘endogenous respiration” 
remains more or less operative; then the addition of certain substrates 


TaBLeE III 
Comparative Effect of Cinnamate and Fluoroacetate* 


Slices of guinea pig kidney. Each vessel contained 2.0 ml. of Krebs phosphate 
buffer; substrates present initially; inhibitors tipped in from the side arm at zero 


time; final volume 2.4 ml. Metabolic quotients based on the final dry weight. 


Respiration (Qo2) 
Substrate 0.01 No. of | No. of No. 
deter- | Control deter- Cinnamate, | deter- | Fluoroacetate, 
mina- mina- 0.01 M mina- 0.01 Mm 
tions tions tions 
None (endogenous). .| 14 11.6 12 §.2 11 5.3 
(7.7-13.5) (3.9- 6.3) (3.6— 6.8) 
Dentwowe.......5.... 18 13.8 21 7.3 6 4.7 
(10.4-14.0) (5.8- 9.9) (4.3- 5.0) 
12 18.0 12 15.0 6 8.0 
(14.0-19.2) (9.8-16.1) (5.2-10.0) 
6 13.1 6 5.5 3 6.0 
(12.1-14.1) (4.3- 6.7) 
9 20.8 6 14.8 6 5.8 
(18 .8-23.4) (12.0-16.9) (3.6— 8.0) 
6 23.6 3 18.4 3 10.6 
(19.0-26.8) 
Succinate............ 13 30.4 7 30.0 3 25.4 
(22.4-39.9) (23.7-38.4) 
Fumarate............ 7: 19.2 3 19.5 3 13.9 
(17.0-20.4) 
20.3 6 16.9 6 12.7 
(16 .0-27.0) (15.3-19.4) (10.0-16.0) 


* Parallel experiments performed in the presence of low concentration of NaF 
indicated that none of the observed effects were due to contamination of the fluoro- 
acetate solutions with inorganic fluoride; zirconium-alizarin assay of the stock 
sodium fluoroacetate indicated that the concentration of fluoride ion in any vessel 
containing 0.01 m fluoroacetate could not have exceeded 0.0004 m. 


would contribute in part additively to the cellular respiration (ef. (26)). 
If so, the inhibitions observed in the presence of these particular added 
substrates might result largely from the effect of cinnamate on the respira- 
tion of endogenous substrates. 

Fluoroacetate, which has been reported to block acetate (27) or pyru- 
vate (28) utilization, and, even more significantly, intermediate citrate 
function (29-31), was used for comparative purposes. Without the ad- 
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dition of any of the substrates named in Table III, fluoroacetate reduces 
the respiratory rate (endogenous) from 11.6 to 5.3. With an added 
substrate, fluoroacetate effects a decrease in Qo,, amounting essentially to 
6.3 or more. In accord with the observations of other investigators, 
this suggests that fluoroacetate with certain substrates may inhibit the 
total respiration. 


TaBLe IV 
Utilization of Glycolytic Intermediates 


Slices of guinea pig kidney. All calculations based on the initial dry weights, 
calculated from the initial wet weights. Each flask contained 2.0 ml. of Krebs- 
Ringer bicarbonate. Substrate and inhibitor tipped in from the side arm at zero 
time; initial concentrations determined by chemical analysis of flask contents, 
removed at zero time (see the substrate column). 


No. of Control 0.01 mM cinnamate 
Substrate 
cea Substrate Lactate Substrate Lactate 
utilized formed utilized formed 
Dextrose, 6000 6 32.6 8.3 66.8 36.0 
as (29.4-53.0) | (7.8-8.8) | (63.5-90.0) | (29.6-43.7) 
3-Phosphoglycerate, 3 26.4 0.5 29.4 1.0 
1550T 
Pyruvate, 140f 12 8.6 3.5 6.8 2.2 
(5.6-11.9) | (2.1-5.8) (4.8— 8.6) (0.9- 4.4) 
se 140 + 0.01 7 7.4 3.4 7.9 3.3 
M NaF (5.6— 9.0) | (2.2-5.8) (6.1-10.9) (1.5- 5.5) 
Phosphoryl-enolpyru- = 3 20.3 | 1.5 18.9 2.2 
vate, 340§ | (15.5-25.3) | (1.1-2.1) | (13.7-24.4) | (1.8- 2.5) 


* In each vessel (see the text). 

+ Removal of 3-phosphoglyceric acid through a competing enzymatic hydrolysis 
was not followed; however, Q8} in the presence of this substrate was 12.7 (cf. en- 
dogenous Qo; = 9.6). 

¢t Determinations in a phosphate-buffered medium were not significantly dif- 
ferent. 

§ Determined by the method of Lohmann and Meyerhof (10). 


Utilization of Glucose, Pyruvate, and Phosphoryl-enolpyruvate—The 
utilization of added glucose, pyruvate, phosphoryl-enolpyruvate, and 
phosphoglycerate were followed analytically (Table IV). Three slices of 
guinea pig kidney were used per vessel to insure a measurable utilization. 
In the presence of cinnamate, the rate of glucose disappearance, as an- 
ticipated from other data, was increased significantly; the lactate produc- 
tion was concomitantly enhanced. 

When pyruvate was substituted as the added substrate, the rate of its 
decrease was found to be approximately the same in the presence and in 


7) 
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the absence of cinnamate. Some lactate was found under these con- 
ditions. There might have occurred a marginal glycolysis from residual 
intermediates, although there are other possibilities. However, the rate 
of pyruvate decrease, when followed in the presence of sodium fluoride, 
0.01 M, again was found to be unaffected by cinnamate, with little change 
in the lactate. It was found also that 3-phosphoglycerate, used as the 
sole added substrate, apparently was removed at a rate independent of 
the presence of cinnamate ions. On the basis of the analytical data, 
phosphoryl-enolpyruvate likewise was’ removed without formation of lac- 
tate, but at a rate roughly comparable with the pyruvate decrease, and 
again unaffected by cinnamate.? The data argue against the probability 
that the phosphoenol was hydrolyzed to pyruvate before oxidative re- 


TABLE V 
Suppression of Amino Acid Metabolism 


All values based on the initial dry weight. Each vessel contained 2.0 ml. of 
buffer; substrate and inhibitor added from the side arm at zero time to make a 
final volume of 2.4 ml. Rat kidney slices (phosphate); six determinations each. 


0° Per cent 2 Per cent 
O2 inhibition NH3 inhibition 
Control (endogenous).................. 11.7 1.7 
. + 0.01 mM cinnamate........... 5.2 56 0.85 50 
L-Aspartate,* 0.0l m................... 18.3 3.5 | 
m + 0.01 M cinnamate...... 5.3 71 0.8 | 77 


*In the case of L-proline, hydroxy-ut-proline, and t-glutamate, 0.005 Mm cin- 
namate inhibited the respiration by 24, 53, and 37 per cent, respectively, and in- 
hibited the ammonia formation by 39, 40, 52 per cent, respectively. 

Pad 


moval. It is of interest that these substrates were found to be utilized 
at the rate approximately of 0.1 um per mg. of dry weight per hour. 

It appears, therefore, that the increased lactate production observed 
with glucose and these inhibitors.is to be correlated with the initiation, 
directly or indirectly, of increased glycolysis. 

Suppression of Oxygen Uptake in Presence of Amino Acids and of Oc- 
tanoate—Our work with L-amino acids as substrates, to be detailed else- 
where, indicates that the inhibition by cinnamate and related inhibitors 
of ammonia formation and of oxygen consumption is of the same order 
as has been reported (7, 9) for benzoate. Some values are given in Table 


$ Our data generally support the idea that cinnamate does not embarrass the 
utilization of pyruvate in the kidney cortex slices. However, some interference 
with glucose or pyruvate oxidation in certain other tissues is not precluded. Thus, 
we have preliminary evidence that there is interference with the utilization of py- 
ruvate in brain as well as in certain transplanted malignant tumors of the rat. 
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V. We have also conducted experiments with octanoate in glycero- 
phosphate buffer (cf. (8, 4)), observing inhibitions in excess of the sup- 
pression of the endogenous rate. It would appear probable that such 
fatty acid anions added to tissue slices are less accessible to oxidative 
processes than intracellular fatty acid. 

Effect of Highly Oxidizable Substrates—It will be indicated under the 
“Discussion” that the initiation of aerobic glycolysis by the inhibitors 


TABLE VI 
Prevention of Inhibitor Effects upon Addition of Various Substrates 
Slices of guinea pig kidney.* All values based on the initial dry weight. Each 
vessel contained 2.0 ml. of Krebs-Ringer bicarbonate; substrates (0.01 mM) and in- 
hibitor added from side arm at zero time to make a final volume of 2.4 ml. All 
lactate values are corrected for accumulation to zero time. Dextrose and cin- 
namate, when present, 0.015 and 0.01 Mm, respectively. 


Y 
42 Dextrose | 8.3 32.6 
(7.8- 8.8) (29 .4-53 
20 ss + cinnamate 36.0 66.8 
(29 .6-43.7) (63 .5-90.0) 
3 Same + L-aspartate 16.2 
6 ‘¢ + t-glutamate 23.6 25.8 
(23 .1-—26.5) (21 .2-27.6) 
3 octanoate 25.2 
3 acetate 24.8 
3 succinate 18.2 37.4 
3 ‘« + fumarate | 20.3 | 
3 | L-malate | 19.1 


* A few experiments with rat kidney slices showed similar effects. 

+ Experiments performed in phosphate buffer gave a similar, but less marked, 
trend. In addition, the Q8} was restored partially to the control level upon ad- 
dition of the following substrates: L-glutamate, L-aspartate, and acetate. 


might be correlated with an inhibition in the initial stages of oxidation of 
amino acids or fatty acids or both, effecting thereby a transfer of oxidative 
activity to the process concerned with oxidation of triose phosphate. If 
this were true, the introduction simultaneously with glucose of a second 
efficiently oxidizable substrate that might antagonize the action of the 
inhibitor, e.g. glutamate, or alternatively of one that would invoke high 
oxidative activity in the terminal process, e.g. succinate, should act to 
prevent lactate production. In Table VI data are presented that indicate 
a marked suppression of lactate production, coincident with decrease in 
dextrose utilization, when L-glutamate and succinate are so employed. 
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Certain other substrates listed in Table VI, especially aspartate, fumarate, 
and malate, likewise suppress the lactate accumulation. The effect of 
glutamate is not to be attributed to an increased removal of intermediate 
pyruvate via transamination, since there is a decrease in the utilization 
of dextrose. 


DISCUSSION 


The accumulations of lactate observed aerobically in the presence of 


_ glucose and cinnamate are to be correlated with factors that increase the 


rate of glycolysis. In a sense this constitutes a reversal of the Pasteur 
effect (82-35). The complexities of such effects are recognized (32), and 
interpretations often have been focused upon carbohydrate interrelation- 
ships. However, it has been pointed out (35) that there is involved in 
many tissues, for the provision of energy, the oxidation of metabolites 
derived from other foodstuffs as well. Indeed, it is the reciprocal rela- 
tionship of aerobic glycolysis to the availability of energy from non- 
carbohydrate materials that we wish to stress here. 

Cinnamate has been found to inhibit efficiently the rate of acetoacetate 
formation from butyrate in slices of guinea pig kidney (3, 4), as well as 
to inhibit the oxidation of fatty acid in a metabolically active preparation 
(36) of rabbit kidney. Our work, together with that of others (7, 9), 
demonstrates further that cinnamate blocks ammonia production in kidney 
slices. The oxidative production of ammonia in rat kidney slices, even 
in the presence of glucose, may account (37) for 30 per cent of the 
oxygen consumption, and the low respiratory quotient of kidney tissue 
in general (35) points to the oxidation of non-carbohydrate substances. 
Our results with other tissues suggest a similar partial dependence of the 
cell upon the supply of energy from endogenous fats and amino acids. 
The effect of cinnamate on brain slices might be interpretable in part? on 
the basis of suppression of the oxidation of endogenous fatty acid (cf. 
(38-40)), possibly from phospholipide stores (cf. (41)). In liver slices 
the inhibitory effect of cinnamate is believed to concern largely the fatty 
acid oxidation. The high glycolytic rate apparently characteristic of most 
malignant cells may be indicative of a lowered capacity for oxidation of 
fatty or amino acids; in consistency with this are observations® that 
certain highly malignant cells derived in culture from rat fibroblasts 
display only in greatly diminished degree the shift in metabolism de- 
scribed in this paper. 


4 Consonant with earlier work are our observations from differential manometry 
of an endogenous R. Q. of 0.5 to 0.7 in the guinea pig kidney slice, as compared with 
approximately 0.94 in the presence of glucose. 

6 Unpublished data, George O. Gey, L. Hellerman, and coworkers. 
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In general it may be concluded that substances such as benzoate, nico- 
tinate, and especially cinnamate and furylacrylate, suppress the initial 
stages of oxidation of and the elaboration of acetoacetate from added fatty 
acids, as well as the rate of oxygen consumption® in mammalian tissue 
slices. They are especially inhibitory with respect to L-amino acid oxida- 
tion in kidney slices as well as to D-amino acid oxidases with which they 
display competitive, reversible action. Hippurate, cyclohexanecarboxyl- 
ate, nicotinamide, dihydrocinnamate, cinnamamide, and furylacrylamide 
inhibit to a lesser degree or not at all. In this connection, the formal 
resemblance in the general structure (1) of the inhibitors to the inter- 
mediate products of oxidation (II) of amino acids and to acetoacetate 
(enol) (III) is suggestive. 


| 
=C—COO- H; C—C=C—C0o- 
(II) (IIT) 


Of pertinence to the argument is our demonstration of the reversibility 
of the cinnamate effect in guinea pig kidney. 

It is possible to correlate tentatively in terms of enzymatic activity 
the suppression of oxygen utilization accompanied by lactate production 
in the presence of these agents. Speculations concerned with the Pasteur 
effect have invoked numerous mechanisms designed to interpret the ac- 
celeration of fermentation or glycolysis when partial pressures of oxygen 
are decreased or when an inhibitory process upon cytochrome oxidase or 
upon some other element in the aerobic catalytic chain is instituted. The 
evidence presented in this paper has emphasized a suppression of oxygen 
consumption, accompanied by elicitation of glycolytic lactate production, 
through a reversible inhibitory process attributed to the denzal (43) of 
certain substrates to aerobic oxidation. The effect is realized under experi- 
mental conditions ordinarily highly favorable to the aerobic pattern of 
metabolism. The release under these conditions of catalytic capacity (cy- 
tochrome reductase, cytochromes, cytochrome oxidase, O2 route), which 
normally may be considered to be apportioned among the various systems 
operating usually through pyridinoenzymes, implies a shunt inztzating in- 
creased phosphorylative oxidation of triose phosphate. Concomitantly, the 
decline in the turnover of phosphate at the hand of aerobic processes would 
release phosphate ions to glycolytic coupling (44) and the converse would 


6 The specificity of these inhibitions is relative rather than absolute, in the sense 
that numerous agents in greater or lesser degree induce, under favorable conditions, 
aerobic glycolysis (for example, see Webb and Elliott (42)). Our special interest 
in the conjugated anions (e.g:, cinnamate) is concerned with their utility in in- 
vestigating with some precision the mechanism of an inhibitor process. 
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be realized during reversal or when inhibition is overcome by the methods 
illustrated in Table VI. If then the rate of entrance of pyruvate, or a 
related intermediary, into the terminal aerobic cycle may be assumed to 
be limited to a maximal level characteristic of the cell (see Table IV) and 
species, the above sequence of events would account at least in part for 
the greatly increased conversion of glucose to lactate, operating col- 
laterally. Mechanical removal of the inhibitor (Table II) should (and 
does) restore the normal balance. 


SUMMARY 


1. Cinnamate suppresses the respiration and in the presence of added 
glucose increases the rate of lactate production to the anaerobic level in 
several rat and guinea pig tissues. The effect is representative of the 
action of a number of a,@-unsaturated carboxylic anions. In guinea pig 
kidney, particularly, the effect is largely reversible. 

2. The evidence available does not point to marked interference by 
cinnamate with reactions in the tricarboxylic acid cycle or to interference, 
particularly in kidney cortex, with the oxidative removal of pyruvate or 
phosphoryl-enolpyruvate. 

3. The lactate accumulation observed is paralleled by increased glucose 
removal and is correlated with factors that increase the rate of glycolysis. 

4. Phosphate buffers are less applicable than bicarbonate media in the 
glycolysis studies, and they display an adverse (irreversible) effect upon 
certain tissues. 

5. The inhibitor ions embarrass oxidation of amino acids and fatty 
acids in various tissues. Several lines of evidence bear upon the reciprocal 
relationship of aerobic glycolysis to the availability of energy from non- 
carbohydrate materials. The observations are interpreted as a reversal 
of the Pasteur effect instituted by denial of substrates through a competi- 
tive mechanism. 
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GLUTAMINE, GLUTAMIC ACID, AMMONIA ADMINISTRATION, 
AND TISSUE GLUTAMINE* 


By HENRY TIGERMANT anp ROBERT MacVICAR 


(From the Department of Agricultural Chemistry Research, Oklahoma Agricultural 
Experiment Station, Stillwater, Oklahoma) 


(Received for publication, September 26, 1950) 


Despite the recent revival of interest in amide-nitrogen metabolism in 
animal tissues, only limited information is available on the effect of glu- 
tamine administration on the glutamine content of blood and tissues. 
Bessman et al. (1) found that glutamine was not converted to glutamic acid 
during intestinal absorption. More recently, this same group of workers 
(2) has studied the uptake of glutamic acid and glutamine by brain and 
other tissues in the rat and mouse. Berenbom and White (3) recently 
reported that intravenously administered isotopic ammonium glutamate 
(N'5H4CsH,O,N) and glutamine similarly labeled in the amide group were 
both almost quantitatively converted to urea by the rat. 

Various aspects of amide-nitrogen metabolism in animal tissues have 
been under investigation in this laboratory for several years. In studies 
of the mechanism of glutamine formation, the experiments reported here 
were performed to determine the effect of oral and parenteral administra- 
tion of glutamine and its possible precursors on the concentration of this 
compound in certain tissues. 


EXPERIMENTAL 


Materials and Methods—Male rats of the Sprague-Dawley strain weigh- 
ing 250 to 300 gm. were used as the experimental animals in all these 
studies. Except as otherwise indicated, the animals received the follow- 
ing basal ration: casein 21 per cent, sucrose 70, cottonseed oil 5, salts (4) 
4, thiamine 0.4 mg. per 100 gm., riboflavin 0.6, pyridoxine 0.3, calcium pan- 
tothenate 2.0, nicotinic acid 2.0, folic acid 0.1, inositol 2.0, p-aminobenzoic 
acid 2.0, and choline chloride 100. In addition, vitamins A and D in the 
form of cod liver oil and a-tocopherol were administered by dropper twice 
each week. In all cases food and water were supplied ad labitum. 


* Published with the approval of the Director, Oklahoma Agricultural Experiment 
Station. Supported by a grant from the United States Public Health Service through 
the National Institutes of Health. Appreciation is expressed to Merck and Com- 
pany, Inc., Rahway, New Jersey, for supplies of crystalline vitamins and to the 
Lederle Laboratories Division, American Cyanamid Company, Pearl River, New 
York, for folie acid. 

t Deceased, July 29, 1950. 
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Following a period in which the animals were allowed to become adjusted 
to the partially purified ration, the experimental diets were fed for a period 
of 10 days. For oral administration, glutamic acid or ammonia replaced 
an equivalent amount of casein nitrogen in the diet. For parenteral 
administration, glutamine, glutamic acid, and glutamic acid plus ammon- 
ium carbonate were dissolved in normal saline, the solutions were adjusted 
to pH 7.4, and injected intraperitoneally. Control groups were sham- 
injected. All animals were killed by exsanguination under light ether an- 
esthesia and the tissues rapidly removed, frozen, and stored at —14° 
until analyzed. 15 minutes elapsed between injection and the death of 
the animal. 

The glutamine was determined in tissues by nesslerization of the am- 
monia liberated after incubation with a beef-kidney glutaminase prepara- 


TABLE I 

Effect of Ingested Glutamine upon Rat Tissue Glutamine from Eight Rats 

Tissue Glutamine, mg. per cent per group 

Glutamine ingested, gm. per kg. ration...... 0 1.9 3.8 


tion, according to the general procedure of Archibald (5). Preparation 
of the tissues for enzymatic hydrolysis of the amide group involved homo- 
genization of a weighed sample with 15 ml. of 0.04 N potassium cyanide, 
dilution to 20 ml., and centrifugation for 10 minutes. Aliquots of the 
supernatant liquid were then taken for analysis. 

Effect of Oral Administration of Glutamine and Related Compounds— 
The data in Table I show that feeding 1.9 gm. of added glutamine per 
kilo of ration caused small and usually insignificant increases of glutamine 
in most tissues. An increase of about 20 per cent was detected when twice 
this concentration was fed. Calculations based upon an average daily 
consumption of 15 gm. of ration showed that at this higher level each ani- 
mal was receiving 57 mg. of glutamine in addition to that present in the 
casein. The increased glutamine in the carcass and organs, therefore, 
accounted for approximately half of the additional daily dietary intake. 
Since there was detectable retention in the tissues even at such relatively 
low levels of feeding, it appears that glutamine was metabolized somewhat 
less rapidly than certain other amino acids. It likewise seems evident 


é 
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that extensive hydrolysis of glutamine to glutamic acid and ammonia 
did not occur in the gastrointestinal tract. That intestinal glutaminases 
apparently are not present in the rat was shown by a series of experiments 
involving the incubation of glutamine with rat intestinal contents and 
preparations of rat intestinal mucosa and pancreas. The results of these 
tests (Table II) suggest that practically no deamidation of glutamine oc- 
curred prior to absorption. The intracellular glutaminases of liver, kid- 
ney, and nervous tissue are implicated as the principal systems involved 
in the splitting of the amide group. 

Addition of free giutamic acid to the ration in relatively small amounts 


TaBLeE II 


Deamidation of L-Glutamine by Aqueous Extracts of Rat Intestinal Content, Intestinal 
Mucosa, and Pancreas 


: Ammonia evolved 
Extract of 
Pyruvate Phosphate 
activated* activatedt 
Y 


* The reaction mixture contained 1 ml. of veronal-acetate buffer (pH 6.8), 1 ml. 
of 0.014 m uL-glutamine, 1 ml. of 0.03 M pyruvate (pH 7.0), and 0.5 ml. of the appro- 
priate extract equivalent to 166 mg. of tissue or 333 mg. of intestinal content; in- 
cubated for 4 hours at 37°. 

+ The reaction mixture contained 2 ml. of veronal-acetate buffer with 0.02 m 
phosphate added (pH 8.0), 1 ml. of 0.014 m L-glutamine, and 0.5 ml. of the appro- 
priate extract equivalent to 166 mg. of tissue or 333 mg. of intestinal content; in- 
cubated for 4 hours at 37°. 


was without marked effect on the tissue glutamine level (Tables III and 
IV). However, in some tissues, notably brain, there was an appreciable 
decline. This failure of administered glutamic acid to cause an elevation 
in tissue glutamine is in accord with the short time observations of Bess- 
man et al. (1). These workers found that the intraileal injection of glu- 
tamic acid did not cause any consistent change in the glutamine level of 
plasma. Similar results were obtained in human beings following oral 
administration of glutamate. 

One of the most obvious mechanisms for the synthesis of glutamine is a 
reversal of the deamidation reaction. Studies were therefore made on the 
effect of oral administration of ammonia, glutamic acid, and ammonia 
plus glutamic acid (Table IV). When ammonium carbonate replaced an 
equivalent amount of dietary nitrogen, a slight though consistent increase 
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in tissue glutamine was observed. Statistical treatment of the data by 
analysis of variance (6) failed to reveal significant differences between 
experimental and control groups in glutamine content of any tissue, al- 


TABLE III 
Effect of Ingested Glutamic Acid upon Rat Tissue Glutamine 


Glutamine, mg. per cent 
Tissue 

7 rats 8 rats 8 rats 
Glutamic acid ingested, gm. per kg. ration... 0 2.4 4.8 


TABLE IV 
Effect of Ingested Glutamic Acid and Ammonia upon Rat Tissue Glutamine 
The values are given in mg. per cent. 


Glutamine, mg. per cent 
| Glutami 
Tissue Basal ration acid + 
5 rats 6 rats 6 rats 6 rats 

Glutamic acid ingested, gm. per kg. 

Ammonium carbonate ingested, gm. per 


though in the case of kidney and heart the F value approached that re- 
quired for significance at the 5 per cent level of probability. It is possible 
that with larger numbers of animals this positive effect of oral administra- 
tion of ammonia might be more conclusively demonstrated. The untimely 
death of the senior author makes such investigation impossible at this 
time. 
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The simultaneous ingestion of glutamic acid and ammonia produced 
the most striking response, amounting to an increase of about 50 per cent 
in all the tissues analyzed. It is not obvious why the ingestion of a much 
larger quantity of glutamic acid combined in the dietary protein was so 
much less effective than free glutamic acid. It may be that absorption of 
ammonia preceded the release of glutamic acid from casein by proteolysis. 
Sapirstein (7) has shown that glutamic acid increases the resistance of 
dogs to convulsions produced by the injection of ammonium chloride. 
In the light of the findings of this study, it might be suggested that this 
protective effect was due to the more rapid formation of glutamine in the 
presence of glutamic acid. These observations also tend to support the 
recent work of Bartlett and coworkers (8), indicating that ammonia stor- 
age may be one of the functions of glutamine. 

Effect of Parenteral Administration of Glutamine and Related Compounds— 
In view of the results obtained with the oral administration of glutamine, 
glutamic acid, and ammonia, and because of the greater precision permitted 
by parenteral administration, the concentration of glutamine in tissues was 
measured following the intraperitoneal -injection of these materials. In 
the case of glutamine, 160 mg. of amide-nitrogen were administered per 
kilo of body weight; glutamic acid and ammonia were given in equivalent 
amounts on a nitrogen basis. This quantity of amino acid nitrogen has 
been found by Friedberg and Greenberg (9) to produce readily detectable 
changes in the concentration of various amino acids in several tissues of 
the rat. 

Rapid removal of the administered glutamine from the site of injection 
was shown by the marked increases in glutamine concentration found in 
all tissues examined (Table V). The concentration increased nearly 2- 
fold in all tissues except heart and skeletal muscle, which showed a more 
moderate increase. These observations are of interest when compared with 
the results of Friedberg and Greenberg (9), who showed that intrave- 
nously administered amino acids were concentrated most actively by liver 
and kidney, less so by skeletal muscles, and not at all by brain. Similar 
findings with respect to glutamic acid were reported by Schwerin, Bess- 
man, and Waelsch (2), but these workers noted a tendency for an increase 
in the glutamine content of brain following the intravenous administra- 
tion of glutamine to both rats and mice. 

The injection of an amount of ammonia nitrogen equivalent to 160 
mg. of amide-nitrogen per kilo was without effect upon the glutamine 
level of any of the tissues examined (Table VI). In view of the positive 
correlation between tissue glutamine and oral ingestion of ammonium 
carbonate, it appears that either insufficient time for glutamine synthesis 
had elapsed prior to sacrificing the animals or suitable precursors were not 
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TABLE V 


Effect of Intraperitoneally Injected Glutamine upon Tissue 
Glutamine Levels in Eight Rats 


Glutamine, mg. per cent 
Tissue 
Saline control* (Glutamine injectedt 


* The values represent concentration in tissues of animals injected intraperi- 
toneally with 2.5 ml. of 0.9 per cent sodium chloride solution and killed 15 minutes 
after injection. 

+ Animals injected intraperitoneally with 160 mg. per kilo of amide nitrogen 
in the form of glutamine dissolved in 0.9 per cent sodium chloride solution and ad- 
justed to pH 7.4. Animals killed 15 minutes after administration of the glutamine. 


VI 


Effect of Intraperitoneal Injection of Glutamic Acid and Ammonia upon Rat Tissue 
Glutamine from Siz Rats 


— 


Glutamine, mg. per cent 
Tissue 
Sealine Glutamic Glutamic 
76 80 79 147 


* The values represent concentration in tissues of animals injected intraperi- 
toneally with 2.5 ml. of 0.9 per cent sodium chloride solution and killed 15 minutes 
after injection. 

t Animals injected intraperitoneally with 160 mg. per kilo, body weight, of either 
ammonia nitrogen, glutamic acid nitrogen, or both dissolved in 0.9 per cent sodium 
chloride solution and adjusted to pH 7.4. Animals killed 15 minutes after injection. 


available in sufficient quantity. Administration of glutamic acid alone 
did not affect the glutamine content of any of the tissues examined with 
the possible exception of brain, which showed a slight decrease. The 
simultaneous administration of both glutamic acid and ammonia, however, 
produced a significant increase in the glutamine content of all the tissues 
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examined except the brain, which again was refractory. This may well 
be due to the previously mentioned failure of glutamic acid readily to enter 
the brain cells. 

The rapid accumulation of glutamine in certain tissues in the presence 
of both obvious precursors suggests that a major mechanism for glutamine 
synthesis may be the condensation of glutamic acid and ammonia. It 
has been shown by Speck (10) that glutamine synthesis is readily accom- 
plished by pigeon liver preparations in the presence of ammonia, gluta- 
mate, adenosinetriphosphate, and Mgtt. These data suggest that this 
reaction may be common to other tissues of the body and that transfor- 
mation of free ammonia to the amide form is an important mechanism 
for storage of ammonia. That it might suitably serve such a metabolic 
function is suggested by the rapidity with which it is formed and the ease 
with which it is picked up by the tissues. 


SUMMARY 


Supplementation of the ration of rats with glutamine for a period of 10 
days resulted in an increase of the glutamine content of liver, kidney, 
heart, lung, spleen, and skeletal muscle. Increased intake of glutamic 
acid was without effect. The feeding of ammonium carbonate resulted in 
small but consistent increases in tissue glutamine content, including brain 
tissue. Simultaneous feeding of ammonia and glutamate resulted in sig- 
nificantly increased glutamine levels. 

Intraperitoneally injected glutamine was rapidly taken up by various 
tissues, as evidenced by sharply increased concentrations in kidney, liver, 
lung, spleen, and brain, and a lesser increase in muscle. Similar injections 
of ammonia or glutamate were without effect. Simultaneous parenteral 
administration of ammonia and glutamic acid produced a marked rise in 
glutamine in all the tissues examined except brain. Glutamine formation 
is suggested as a possible mechanism for the storage of ammonia. 
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THE ENZYMATIC SYNTHESIS OF ADENYLIC ACID; 
ADENOSINEKINASE 


By RANWEL CAPUTTO 
(From the Instituto de Investigaciones Bioqutmicas, Fundacién Campomar, Buenos 


Aires, Argentina) 
(Received for publication, October 10, 1950) 


Despite the great deal of work dedicated to the study of the metabolic 
functions of adenylic acid (AMP), its precise way of formation still re- 
mains unknown. Ostern, Baranowski, and Terszakowec (1) and Ostern, 
Baranowski, and Hubl (2) observed that adenylic mono- and polyphos- 
phoric acids were synthesized as a product of the over-all reaction by 
which hexose diphosphate was fermented by different preparations of 
Saccharomyces cerevisiae in the presence of adenosine and phosphate. 
They obtained up to 35 per cent of the theoretical yield as nucleotides and 
characterized them as belonging to the series of the adenosine-5’ deriva- 
tives. 

Later Colowick, Kalckar, and Cori (3) reported the phosphorylation 
of adenosine by respiring kidney homogenates, but Canzanelli, Guild, 
and Rapport (4) were unable to obtain any nucleotide in similar experi- 
ments and observed that the phosphorylation proceeds with the disap- 
pearance of pentose and the appearance of hexose phosphate, as had 
been reported by Dische (5) and by Schlenk and Waldvogel (6). Wajzer 
and Baron (7) reported the synthesis of an adenosine nucleotide by en- 
zymatic condensation of adenine with ribose-3’-phosphate. 

This paper describes experiments on the phosphorylation of adenosine 
by adenosinetriphosphate (ATP). The enzyme which activates this trans- 
ference has been named adenosinekinase according to the current use of 
the ending kinase for enzymes which transfer phosphate from ATP. From 
the evidence given below the reaction can be formulated as follows: 


Adenosine + ATP — AMP + ADP! 


Adenosinekinase has been found in yeast maceration juice and in the 
extracts of some animal tissues. Its presence in crude animal tissue ex- 
tracts is masked by the activity of other enzymes. It is therefore neces- 
sary to purify these extracts before any activity can be detected. 


EXPERIMENTAL 


Materials Used—Commercial adenosine and adenosine-5’-phosphoric acid 
(Schwarz Laboratories, Inc.) were used throughout. ATP was prepared 


1 ADP = adenosinediphosphate. 
801 
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according to Needham (8) and ADP according to Bailey (9) or Bielchowsky 
(10). Adenylic acid deaminase was prepared by the method of Schmidt 
(11) with slight modifications. It was necessary to repeat the isoelectric 
precipitation four times before the extract was completely free from myo- 
kinase. 


feaction between Adenosine and ATP; Manometric Experiments—Fig. 1 
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MINUTES 
Fic. 1. Manometric determination of adenosinekinase. Hach Warburg manome- 
ter contained adenosine or uridine, 10 um; ATP, 5 um; 0.5 mM sodium bicarbonate, 0.2 
ml.; magnesium chloride, 20 um; yeast or liver enzyme, 0.3 ml.; total volume, 2 ml. 
Gas, Nz with 5 per cent carbon dioxide. Phosphate determinations after the yeast 


adenosinekinase was stopped gave the following results: 


With (a) — (6) 
uM uM 


shows the result of a manometric experiment in which Lebedev juice was 
used as the source of enzyme. A difference of 74 ul. of carbon dioxide 
(equivalent to 3.3 um) between the vessels with and without adenosine 
had been reached when the reaction was stopped by the addition of 1 ml. 
of 10 per cent trichloroacetic acid. After centrifugation, inorganic, labile, 
and total phosphorus were determined with the results shown in the legend 
to Fig. 1. The amount of phosphate which became stable is in fairly 
good agreement with that expected from the carbon dioxide evolution. 
There was somewhat more inorganic phosphate in the vessel with adeno- 
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sine than in that without. This small difference was constantly found 
in several experiments with Lebedev juice, and was of opposite sign to 
that found when the enzyme of animal tissues was used. This may in- 
dicate a prevalence of adenylic phosphatase over ATPase in Lebedev 
juice, while the relation would be inverse in fresh extracts of animal tissues. 

Fig. 1 also shows the results obtained with aqueous extracts of liver. 
Even if negative, they are of interest because they showed the strong 
ATPase activity of liver which would make it difficult to detect any adeno- 
sinekinase. Later it was observed that adenosine is also destroyed during 
incubation with liver and, furthermore, that the manometric conditions 
are not suitable for determination of liver adenosinekinase because its 
optimum pH is about 4.9. 

Experiments conducted with muscle and kidney extracts gave results 
similar to those obtained with liver. The addition of guanosine or uridine 
(see Fig. 1) instead of adenosine gave negative results with either Lebedev 
juice or animal tissues. 

Spectrophotometric Determination of Adenosinekinase—There are several 
methods by which adenosine can be distinguished from its phosphorylated 
derivatives. Separation of adenine and adenosine from the nucleotides 
was achieved by Kerr and Seraidarian (12) by using uranyl acetate. Some 
experiments were carried out by the method of Schlenk and Schlenk (13) 
in which the adenosine phosphate catalyzes the dephosphorylation of 
phosphoglycerates, but the procedure was not found to be sufficiently 
accurate. The deamination of adenosine-5’-phosphoric acid by muscle 
adenylic acid deaminase (Ostern et al. (1, 2); Kalckar (14)) was used for 
the specific determination of the reaction product but not for routine de- 
termination of the enzyme. 

Another method which was tried for the separation of adenosine from 
the phosphorylated compounds was the passage of the mixture through 
a column of an anion exchange resin. Table I shows that ATP separates 
quantitatively from adenosine and that in the mixture resulting from the 
incubation of ATP with adenosine and Lebedev juice the expected separa- 
tion of adenosine from the nucleotides was accomplished. However, the 
method is not as simple as a specific precipitation and was not adopted 
for routine experiments. 

The addition to a mixture of adenosine, adenine, and the nucleotides 
of the solutions of zinc sulfate and barium hydroxide used by Somogyi 
(15) for deproteinization precipitates all the phosphorylated compounds 
but not adenosine. Fig. 2, A shows the results of determinations of adeno- 
sine in mixtures of nucleotides. 

For routine adenosinekinase determinations the mixture detailed in each 
case was incubated for a variable length of time, and 0.5 ml. each of 10 
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TABLE [| 
Separation of Adenosine from Nucleotides by Anion Exchange Resin 


The mixtures were passed three times through a column containing 3.0 ml. of 
anion exchanger (Ionac). The extinction of the effluent (3.5 ml.) was measured 
in a Beckman spectrophotometer at 260 mu. 


Known mixture 


| Extinction 


Adenosine recovered 
ATP | Adenosine 
uM BM uM 
0.4 0.4 1.55 | 0.36 
0.6 0.3 1.10 0. 256 
0.8 0.2 0.80 0.187 
1.0 0.1 0.40 0.094 
1.0 0.0 0.06 0.01 
Reaction products from enzyme activity* 
Incubation time, 0 min. 2.0 0.466 
0.6 0.10 


*1.0 um of ATP + 0.5 um of adenosine + 1 um of magnesium chloride was in- 
cubated at 30° with 0.02 ml. of Lebedev juice, deproteinized by heating, and the 
precipitate washed. 
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Fic. 2. Spectrophotometric determinations of adenosine in mixtures of nucleo- 
tides (A) and adenosinekinase (B). Determination of adenosine was carried out 
in the presence of 1 wm of ATP. Conditions for adenosinekinase as in Table IT. 


per cent zinc sulfate and 0.3 m barium hydroxide was added. After add- 
ing distilled water to complete 3.5 ml., the mixture was centrifuged and the 
extinction at 260 my» was measured with a Beckman spectrophotometer. 
Fig. 2, B shows the results of an experiment in which variable amounts of 
enzyme were used. For results calculated in moles the value 1.5 x 104 
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has been taken as the molar extinction coefficient of adenosine (see Kalckar 
(14)). 

Adenine is precipitated together with adenosinephosphates by the zinc 
sulfate-barium hydroxide mixture. The possible action of a nucleosidase 
was therefore corrected by subtracting a blank in which the system was 
incubated without ATP. 

Extraction and Partial Purification of Yeast Enzyme—Brewers’ yeast 
(Palermo) was dried in air at room temperature. The juice was obtained 
by maceration with 3 volumes of water per gm. of dried yeast during 4 
to 5 days in the refrigerator (4°). After centrifugation the juice was 
stored frozen. In this state the activity was preserved for at least 4 
months. Fig. 2, B shows the activity of a juice obtained by this method. 

A 4-fold purification as related to the total protein content of the en- 
zyme preparation could be obtained by the following procedure: 10 ml. 
of Lebedev juice were mixed with 5 ml. of the solution of stabilizing factor 
(see below) and then frozen. The mixture was then allowed to thaw, and, 
while some small ice crystals were still present, 15 ml. of acetone (— 10°) 
were added. The mixture was vigorously shaken and then centrifuged 
for about 2 minutes. The supernatant fluid was discarded and to the pre- 
cipitate 2 ml. of stabilizing solution plus 4 ml. of cold water were added. 
There remained an insoluble fraction which was removed by centrifugation. 

During the acetone precipitation some 40 per cent of the activity was 
lost, but the purity increased from 1.6 to 2 times in comparison with the 
maceration juice. Conditions were found to be rather critical. Several 
attempts at fractional precipitation with acetone resulted in great losses, 
with no purification. 

By addition of bentonite to the solution obtained in the previous step, 
60 per cent of inactive protein was adsorbed, while the concentration of 
adenosinekinase remained practically the same. The correct amount of 
bentonite was ascertained by small scale trials in which adenosinekinase 
and total protein were estimated after treatment with different amounts 
of the adsorbent. Table II presents the results of one attempt of purifica- 
tion by this method. 

Adenosinekinase in Animal Tissues—As was stated before, several at- 
tempts to detect the phosphorylation of adenosine by manometric methods 
in homogenates or extracts of animal tissues were unsuccessful. The 
only conclusion which could be drawn was that ATP is rapidly destroyed 
by preparations of liver, kidney, and muscle. 

When the method of precipitating with zinc sulfate-barium hydroxide 
followed by spectrophotometer determination was used, it was found that 
not only ATP but also adenosine is destroyed by these extracts. The 
absorption at 260 my disappears at a speed which is practically unaffected 
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by the presence of ATP (Table III). However, when tests were carried 
out with extracts of kidney and liver which had been kept frozen for 
several weeks with occasional thawing, a small but distinct effect of ATP 


TaBLeE II 
Partial Purification of Yeast Adenosinekinase 
Total 
Activity,* 
| adenosine | Copcentration 
ml. uM 
10 0.24 100 
After acetone precipitation : 
Without stabilizing factor (discarded)....... 6.4 0.10 
With stabilizing factor...................... 6.5 0.22 59 
After adsorption with 
150 mg. bentonite per ml.................... 3.0 0.22 35 


* Calculated from the activity of a system containing adenosine 0.5 um, ATP 
0.6 uM, magnesium chloride 1 ym, and enzyme 0.01 ml. Phosphate buffer pH 7. 
Total volume, 0.15 ml. Incubation time, 10 minutes; temperature, 30°. 


+ Measured by precipitation with trichloroacetic acid. The maceration juice 
was taken as the standard. 


Taste III 
Disappearance of Adenosine Incubated with Treated and Untreated Extracts of 
Animal Tissues 


| | A extinction® 
Extract ‘Treatment at pH With ATP Without ATP (a) — (b) 
(a) (b) 

0.89 0.87 0.02 
0.41 0.45 ~0.04 

| 4.2 | 0.42 0.02 0.40 


* The incubated mixtures contained adenosine 0.25 um, phosphate buffer, pH 6, 
0.1 ml., tissue extract 0.02 ml., and ATP (when added) 0.6 um. Incubation time, 
20 minutes; temperature, 30°. 


on the disappearance of adenosine was noticed. If the incubation periods 
were increased, the differences between the mixtures with and without 
ATP after passing through a small maximum tended to disappear. 

A thorough centrifugation in the cold improved the extracts, but the 
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best way of eliminating the enzymes which destroy adenosine was found 
to be acidification of the extracts below pH 5 (pH 4.2 is the optimum). 

The procedure finally adopted was as follows: 40 gm. of liver from a 
recently killed rabbit were ground in a Waring blendor with 60 ml. of cold 
distilled water. The suspension was kept in the ice chest with occasional 
stirring until the next day, when it was strained through muslin. To the 
supernatant fluid 1 N acetic acid was added until the solution reached 
pH 4.2 (glass electrode). The bulky precipitate was removed by cen- 
trifugation and to the supernatant fluid 0.5 volume of saturated am- 
monium sulfate solution was added and the precipitate centrifuged and 
discarded. 


015. YEAST ENZYME 


0.10 


0.05 


MOLES ADENOSINE PHOSPHORYLATED 


| 


Fic. 3. Activities of yeast and liver adenosinekinase at different pH values. 
Buffer for the liver enzyme, acetic acetate (O), phosphate (@). For yeast enzyme 
the buffer of acetic-phosphoric and boric acids of Britton and Robinson was used (16). 


The same procedure was applied to kidney extracts, and the prepara- 
tion obtained was similar to that of liver in that it did not affect either 
adenosine or ATP when incubated separately, but catalyzed an almost 
quantitative transference of phosphate between them. 

Conditions for Optimum Activities—The pH for optimum activity has 
been found to be different for the yeast and animal enzymes. The deter- 
minations were carried out separately in phosphate, acetate, and borate 
buffers or in a mixture of the three (universal buffer of Britton and Robin- 
son (16)). No.difference was noticed with any of the three acids in the 
zones where their buffer ranges overlap or where the range of one continues 
that of the others. 

It may be seen in Fig. 3 that the optimum for the yeast enzyme lies 
between pH 6.8 and 7 and that for the liver enzyme from pH 4.9 to 5. 
If the two enzymes were mixed, the two maximums could be observed. 
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Both Mg*+ and Mn?" salts activate the yeast enzyme. The optimum 
Mg? concentration is about 0.02 m. The optimum for Mnt* was found 
to be lower (about 0.002 m). No special determinations were made for 
the animal enzymes, but in all the experiments Mgt** at a final concen- 
tration of 0.02 m was added. 

Stabilizing Factor for Adenosinekinase—During the trials for purifica- 
tion it was observed that the enzyme was inactivated by dialysis. A 
more careful observation, however, showed that most of the inactivation 
took place after dialysis if the enzyme was not frozen immediately. It 
was concluded that the enzyme becomes more labile after dialysis and 
experiments were undertaken to detect a stabilizing, dialyzable factor. 

Dialysis was carried out in cellophane tubing during 90 minutes at 4°. 
This short period is sufficient when the enzyme preparation is placed in a 


TaBLE IV 
Action of Stabilizing Factor on Dialyzed Adenosinekinase 


Activity measured asin Table II. Results in per cent of the maximum activity 
of each enzyme solution. 


Previous incubation 10 min. at 


0° 30° 
No stabiliz-| Stabilizing No stabiliz-| Stabilizing 
ing factor factor ing factor factor 
100 100 79 99 
Dialyzed maceration juice................. 85 100 31 100 


large cellophane bag (1 ml. of solution in a 10 ml. bag) so that a large 
surface for dialysis is provided in relation to the volume. Cold distilled 
water in a 50 ml. beaker was changed every 15 minutes. 

When the dialysis was interrupted, the inner solution had doubled its 
original volume. The activity (corrected for the increase in volume) was 
not greatly affected, but it may be seen in Table IV that after an incuba- 
tion of 10 minutes at 30° the activity of the dialyzed solution decreased at 
a speed 2 to 3 times greater than that of the non-dialyzed enzyme. The 
addition of stabilizing factor restored the stability. 

The stabilizing factor was found in the boiled juice of brewers’ yeast. 
So far no systematic work has been carried out in order to purify it, but 
it was found that in the process of purification of uridine-diphosphate- 
glucose (UDPG) (see Caputto et al. (17)) the stabilizing factor is found 
with the coenzyme at Step 2, but that they are separated after charcoal 
adsorption (Step 3). UDPG is adsorbed by charcoal, while the stabilizing 
factor remains in the filtrate. This filtrate was concentrated under re- 
duced pressure at about 50° and the solution so obtained was used as the 
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stabilizing factor in most of the experiments. Fig. 4 shows the effect of 
different amounts of stabilizing factor on dialyzed adenosinekinase. The 
substance stabilizes the enzyme but does not restore the activity after it 
disappears and has little effect on the non-incubated enzyme. 

So far there are no indications of the identity of the stabilizing factor. 
Many substances have been tried, such as casein hydrolysate, the salt 
mixture of Krebs and Henseleit, insulin, guanine, ascorbic acid, glycine, 
histidine, coenzyme I, yeast adenylic acid, pyrophosphate, and potassium 
cyanide, but none of them produced an effect similar to that of the stabi- 
lizing factor. The only compound which can replace the stabilizing factor 


100 
= 0.005 mi. SF. 
80 e 
| 
= 60K 0.001 mi. S.F 
x ons 
S 40 NO S.F. 
5 10 15 


MINUTES OF INCUBATION AT 35° 


Fic. 4. Action of the stabilizing factor of adenosinekinase. The values along 
the abscissa represent the time of incubation before the adenosinekinase test was 
carried out. At the points marked by the arrows 0.005 ml. of stabilizing factor was 
added. 


is reduced glutathione, but it is not likely that the stabilizing factor is 
glutathione. The amount of glutathione which was necessary to protect 
adenosinekinase gives a strong reaction with sodium nitroprusside, while 
the stabilizing factor does not give any reaction with this reagent. 
Further, the stability of the stabilizing factor toward alkali treatment 
does not agree with that of reduced glutathione. 

The stabilizing factor is stable to acid or alkaline treatment. No de- 
crease in activity was noticed after heating for 30 minutes at 100° in 
either N hydrochloric acid or N sodium hydroxide. However, evaporating 
to dryness directly over a free flame and then heating until the substance 
turned brown with 5 nN sulfuric acid and nitric acid destroyed the activity. 
The active concentrate referred to previously is colorless and shows no 
absorption of ultraviolet light except below 200 to 230 mu. 
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Identification of Reaction Products—By using adenylic acid deaminase 
from muscle, which is known to be specific, it has been ascertained that 
adenosine-5’-phosphoric acid is present in the products which arise in the 
reaction catalyzed by adenosinekinases of yeast and liver. The decrease 
in optical density at 265 my and the increase at 240 my proposed by 
Kalckar (14) were used for the quantitative estimation of the action of the 
deaminase on adenylic acid. 

In a typical experiment 1 um of adenosine, 1.5 um of ATP, and 1 um 
of magnesium chloride were incubated with 0.1 ml. of purified yeast en- 
zyme for 30 minutes at 30°. The reaction was stopped by heating and 
two aliquots were taken. To one of them the mixture of zinc sulfate- 
barium hydroxide was added, while the other was kept for the deter- 
mination with the deaminase. Blanks without adenosine or without ATP 
were run at the same time. Results with the zine sulfate-barium hy- 
droxide method showed that 0.72 um of adenosine was phosphorylated, 
while with the deaminase it was determined that 0.69 um of adenylic acid 
was synthesized. 

In the tests with the liver enzyme the agreement was not so good. 
Only 70 per cent of the amount of adenosine which had been phosphoryl- 
ated according to the zinc sulfate-barium hydroxide method was accounted 
for in determination with deaminase. This difference is attributed to 
some adenylic deaminase which might be acting simultaneously with the 
kinase. 

Another set of experiments for the identification of the reaction prod- 
ucts was carried out by paper chromatography. In this case the kinase 
reaction was stopped by addition of 10 per cent trichloroacetic acid. 
After centrifugation the trichloroacetic acid was extracted with ether and 
the aqueous phase was concentrated to about one-tenth of its volume. 
0.1 ml. of the concentrate (equivalent to about 1 um of adenosine) was 
placed as a band on a filter paper strip 2.9 cm. wide. The solvent was a 
mixture of 75 ml. of 95 per cent ethanol plus 30 ml. of a 0.05 m solution of 
secondary ammonium phosphate. 

The position of the adenine compounds was determined directly on the 
filter paper by a technique devised by Leloir and Paladini.? In this 
technique the paper is made translucent by impregnation with liquid 
paraffin and can be read directly at 260 my by means of a special appara- 
tus adapted to a Beckman spectrophotometer. 

Fig. 5 shows the distribution patfern of a mixture of adenosine and 
ATP before and after incubation with adenosinekinase. Under the ac- 
tion of the enzyme adenosine practically disappeared, while the absorption 
peak of ADP became prominent in relation to that of ATP; also AMP 


2 Leloir, L. F., and Paladini, A. C., personal communication. 
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appeared. When ATP was incubated alone with the enzyme and adeno- 
sine was added after the enzyme was inactivated with trichloroacetic acid, 
the distribution pattern was similar to that of the original mixture of 
ATP and adenosine. These results are in agreement with the proposed 
mechanism of the reaction. 

Total Phosphate Transferred from ATP to Adenosine—The total quan- 
tity of phosphate transferred to adenosine was studied with Lebedev juice 
and the purified solution from yeast. The results showed (Fig. 6) that 
with the juice about 1.5 moles of phosphate per mole of ATP were trans- 
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Fic. 5. Paper chromatogram of the products of adenosinekinase reaction. A, 
2.5 um of adenosine, 10 um of ATP, and 5 um of MgCl. incubated 30 minutes with 
0.3 ml. of the liver enzyme. #8, same as A except that adenosine was added after 


the enzyme was inactivated by adding trichloroacetic acid. C, same mixture as for 
A but not incubated. 


ferred, while with the purified enzyme only about 1 mole of phosphate 
was transferred. 

From the work of Kunitz and-McDonald (18) with hexokinase of S. 
cerevisiae, and that of Trucco et al. (19) with galactokinase of Saccharo- 
myces fragilis, it is known that different results are obtained according to 
the enzyme preparation used. With the purified enzyme only 1 mole of 
phosphate of ATP is transferred, while with crude extracts two phosphate 
groups are transferred. The difference is supposed to be due to the pres- 
ence of myokinase in crude extracts. In the experiments with adeno- 
sinekinase the reactions would be 


(a) ATP + adenosine — ADP + AMP 
(b) 2ADP = ATP + AMP 
Thus in the presence of myokinase 2 adenosine molecules would be 
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phosphorylated by 1 of ATP and 3 molecules of AMP would be formed, 
provided reaction (a) is irreversible. 

The fact that only 1.5 adenosine molecules were phosphorylated per 
molecule of ATP is not attributed to reversibility of reaction (a) and is 
not due to the inactivation of the adenosinekinase, since it was found that 
on addition of more ATP more adenosine was phosphorylated. The 
incomplete transference of 2 moles of phosphates was also observed with 
galactokinase (Trucco et al. (19)), but not with glucokinase. The most 
obvious explanation is that phosphatases are present which hydrolyze the 
substrates and reaction products. The action of these phosphatases would 
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Fic. 6. Total phosphate transferred from ATP to adenosine (catalyzed by yeast 

adenosinekinase). Curve A, with crude yeast maceration juice; Curve B, with the 


partially purified solution. The arrows indicate a further addition of 0.6 um of 
ATP. 


be negligible when a rapid reaction, such as that of glucokinase, is studied, 
but becomes appreciable with slow reactions, such as those of adenosine- 
kinase or galactokinase. 

With the purified enzyme almost 1 equivalent of phosphate was trans- 
ferred, which would indicate that the preparation is free from myokinase 
but not quite free from phosphatases. 


DISCUSSION 


The presence of adenosinekinase explains the mechanism of renewal of 
AMP. As was shown by Korzybski and Parnas (20), the stable phosphate 
of ATP is renewed more slowly than are the labile groups, and this agrees 
with the low rate of the reaction catalyzed by adenosinekinase in com- 
parison with other reactions in which ATP is involved. Experiments in 
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which labeled adenine was used have also shown that its renewal in ATP 
is fairly slow (Brown et al. (21)). 

All the enzymes necessary for the synthesis of ATP, starting from 
adenosine, have now been studied. ATP itself is the phosphate donor in 
the phosphorylation of adenosine (adenosineckinase reaction) and of AMP 
(myokinase reaction). Phosphate transferences from the oxidative proc- 
esses to the adenylic system are only known to take place on ADP. The 
mechanism of the synthesis of adenosine remains obscure. The alleged 
existence of an adenosine nucleosidase was questioned by Dixon and 
Lemberg (22), and Kalckar (23) was unable to detect any activity of 
nucleoside phosphorylase on adenosine. 

The possibility that adenosine-3’-phosphate is synthesized besides the 
5’ isomer does not appear likely. In experiments with the yeast enzyme 
more than 90 per cent of the adenosine which disappeared was converted 
to a substance which was estimated as adenosine-5’-phosphate with muscle 
deaminase, which does not act on adenosine-3’-phosphate. In the ex- 
periments with liver adenosinekinase the agreement was not so good. 
However, it is likely that the discrepancy was due to the presence of 
deaminase in the adenosinekinase preparation. 

Adenosine-3’-phosphate has never been found free and the only en- 
zymatic reaction which has been described is a synthesis from adenine 
and ribose-3-phosphate (Wajzer and Baron (7)). 


SUMMARY 


An enzyme which catalyzes the synthesis of adenosine-5’-phosphoric 
acid by transference of phosphate from ATP to adenosine was studied. 
The enzyme has been named adenosinekinase, and was found in yeast 
maceration juice and in kidney and liver extracts of the rat and rabbit. 
The optimum pH for the yeast enzyme is 6.9 to 7.0, and for that of animal 
tissues 4.9 to 5.0. 

An unidentified, thermostable, stabilizing factor for adenosinekinase 
was found in boiled extracts of yeast. 

The identification of adenosine-5’-phosphoric acid in the reaction la 
ucts was ascertained by using muscle adenylic deaminase. Paper chro- 
matography showed that during the course of the reaction ATP and 
adenosine disappear, while ADP and AMP are formed. A quantitative 
study of the phosphate transference showed that, with the partially 
purified enzyme, about 1 mole of phosphate per mole of ATP was trans- 
ferred, but that with the crude enzyme the relation was about 1.5. 

A method for the quantitative estimation of adenosine in mixtures con- 
taining adenine nucleotides is described, as well as its application to the 
estimation of adenosinekinase. 
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FORMATE FIXATION IN PYRUVATE BY ESCHERICHIA COLI* 
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The phosphoroclastic decomposition of pyruvic acid to acetic and formic 
acids by enzyme extracts of Escherichia coli has been an object of study 
ever since acetyl phosphate was tentatively identified as an intermediate of 
this reaction (1). The finding by Utter, Lipmann, and Werkman that iso- 
topic carbon of formate was incorporated into the carboxyl group and that 
the carboxyl carbon of acetate was converted to the carbonyl group of py- 
ruvate was considered to support the postulate that the reaction was re- 
versible (2, 3). Further evidence was obtained by Lipmann and Tuttle 
(4) who reported a synthesis of pyruvate from acetyl phosphate and 
formate and also by Kaplan and Lipmann (5) who observed that pyruvic 
acid was formed by incubating acetate, adenosinetriphosphate (ATP), and 
formate with dried cell suspensions of EH. colt. However, when Strecker, 
Wood, and Krampitz (6) tested synthetic carboxyl-labeled acetyl phosphate 
with pyruvate and labeled formate, the residual pyruvate was found to con- 
tain isotopic carbon only in the carboxyl group derived from formate. 
Furthermore, when a labeled compound with properties similar to those 
of acetyl phosphate was produced from carbonyl-labeled pyruvate, it was 
found that neither this biologically formed compound nor any of the other 
possibly unknown end-products of pyruvate metabolism, except formate, 
exchanged carbon with newly added pyruvate (6). 

An attempt was made (6) to rationalize these results by postulating two 
hypotheses. In the first of these it was suggested that formic acid carbon 
was fixed in pyruvate by combination with a labile, non-accumulable pre- 
cursor of acetyl phosphate as follows: - 


CH;—CO—COOH + H;PO, [C—C~P] + HCOOH (1) 


CH;CO—OPO(OH): 


As an alternate hypothesis it was considered that formate condensed with 
pyruvate itself to form a symmetrical dicarboxylic acid, which by random 


*This work was supported in part by a contract between Western Reserve 
University, the Office of Naval Research and the Atomic Energy Commission, and 
in part by a grant from the Elisabeth Severance Prentiss Foundation. The C'* 
was obtained on allocation from the United States Atomic Energy Commission. 
This investigation was done in partial fulfilment of the requirements for the de- 
gree of Doctor of Philosophy. 
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breakdown caused an exchange of isotopic carbon as follows: 
C*OOH 
CH;—CO—COOH + HC*OOH CH;C—OH 


“COOH 
CH,—CO—C*OOH + HCOOH (2) 


The complete elucidation of the problem probably depends on the isola- 
tion of the enzymes involved and identification of the active intermediates. 
An investigation of the cofactors required for the fixation of formate into 
pyruvate was therefore initiated. To obtain evidence bearing on the pos- 
tulated reversibility of the phosphoroclastic reaction starting with acetate 
and formate, isotope experiments were carried out with E. coli preparations 
which synthesized pyruvate from acetate and formate. Experiments were 
also carried out with methyltartronic acid, a proposed intermediate in the 
formate fixation reaction. 


Materials and Methods 


Enzyme Preparation—E. coli (K-26) was grown in media containing 0.4 
per cent beef extract, 0.4 per cent peptone, 0.2 per cent yeast extract, 0.2 
per cent NaCl, and 10 per cent tap water. The media were continuously 
aerated during growth, and after 16 to 18 hours at 37° the cells (18 to 25 
gm. from 10 liters of medium) were harvested with a Sharples centrifuge, 
ground with glass (7) with 2 gm. of glass powder per gm. of wet cells, and 
extracted with 0.001 mM potassium phosphate buffer at pH 6.8 by using 1.5 
ml. of buffer per gm. of wet cells. The enzyme extract was made up in a 
batch of 75 to 100 ml. which was enough for several experiments. The 
extract was stored frozen at — 10°. 

Compounds—Sodium pyruvate was prepared either by neutralizing 
freshly distilled pyruvic acid with NaHCO; or by forming the crystalline 
sodium salt by a method similar to that of Peters (8). HC“OONa was 
prepared by reduction of NaHCO; according to the method of Melville 
et al. (9). Methyltartronic acid (isomalic acid) was synthesized by the 
procedure of Brunner (10) and purified by recrystallization from ethyl 
ether and low boiling point benzine. 

Buffers—Collidine buffer was prepared from twice distilled collidine and 
made up according to Gomori (11). Imidazole buffer was prepared from 
Eastman practical grade according to Mertz and Owen (12). Sodium 
maleate buffer was prepared by the method of Temple (13). 

Coenzymes—Cocarboxylase was purchased from the Nutritional Bio- 
chemicals Corporation. Coenzyme A was a gift from Dr. Fritz Lipmann. 
The boiled yeast extract was prepared by heating a 10 per cent solution of 
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washed, low temperature, dried brewers’ yeast (Anheuser-Busch, Inc.) for 
1 to 3 minutes over a flame and subsequently centrifuging the coagulated 
proteins. 

Isotope Methods—The CO, was collected in 2.5 N NaOH and was pre- 
cipitated as BaCQ; by addition to BaCl,. The precipitate was prepared in 
a thin round layer of finite thickness on filter paper disks (14). After dry- 
ing and weighing, the disks were assayed with an end window 
Geiger-Miller counter and the observed activity was corrected for self- 
absorption. The results are reported as counts per minute per mg. of 
carbon. 

Experimental Conditions—The experiments were conducted anaerobically 
at 30.4° in manometric flasks of 15 ml. capacity. Unless otherwise indi- 
cated, the total volume of reactants was 2 ml. and contained 0.6 ml. of 
enzyme extract, 100 um of CH;COCOONa, 100 um of HC“OONa (total = 
5600 c.p.m.), 0.05 m potassium phosphate buffer, pH 6.8, and additions as 
noted in each table or figure. Prior to incubation the flasks were gassed 
with nitrogen for 7 to 10 minutes and incubated for 10 minutes unless other- 
wise stated. After incubation, the reaction was stopped by addition of 0.3 
ml. of 3 N H.SO, and the mixture was centrifuged. The supernatant was 
gassed with nitrogen to remove any CQ, present. The residual pyruvic 
acid was degraded by oxidation with ceric sulfate to obtain the carboxyl 
group as CO, which was trapped in 2.5 Nn NaOH. In some experiments a 
yeast carboxylase preparation was used for degradation of the pyruvate. 
These procedures have been previously described (2, 6). 

Investigation of Components of E. coli System—Kalnitsky and Werkman 
(15) had obtained evidence that inorganic phosphate, Mn**, and cocar- 
boxylase were necessary for pyruvate breakdown by E. coli extracts. Utter 
et al. (2) had further observed that inorganic phosphate stimulated the 
exchange of formate with pyruvate, although considerable exchange took 
place without the addition of phosphate. Our preparation differs from 
that of Utter et al. in that a different medium was used for growth, acetyl 
phosphate does not accumulate unless fluoride is present, and carbon from 
acetate is not incorporated into pyruvate. 

Dialysis—Dialysis against a continuous flow of distilled water in a rocking 
dialyzer at a temperature of about 7° was found to give irregular results and 
the activity of the enzyme often was not restored by addition of cofactors. 
Dialysis at 0° under the following conditions was finally adopted for the 
work reported. 7 ml. of the enzyme solution were suspended in a Visking 
casing of 9/16 inch diameter attached to a glass rod and rotated in a beaker 
containing 1 liter of water maintained at a temperature of —1 to +1° and 
at a constant speed of 100 r.p.m. The water in the vessel was replaced 
with fresh water at 0° every hour. The exact period of dialysis required 
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to obtain a desired degree of inactivation varied from one batch of enzyme 
to another but usually was between 1 to 3 hours. A progressive shorten- 
ing of the period of dialysis required was observed with increasing age of 
the frozen enzyme solution. Marked inactivation occurred on standing; 
hence, even though stored in the frozen state, the dialyzed enzymes were 
almost completely inactivated after 48 hours and were therefore used 
within 12 hours. 
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Fic. 1. Inhibition of pyruvate breakdown by NaHCO;. Abscissa, time in min- 
utes; ordinate, micromoles of pyruvate remaining. Curve 1, all reactants plus 0.05 
mM NaHCO;. Curve 2, all reactants except NaHCO;. Experiments of Curve 1 
gassed with 50 per cent CO,-50 per cent N2; experiments of Curve 2 gassed with Noe. 

Fig. 2. Inhibition of formate incorporation into pyruvate by NaHCO;. Abscissa, 
time in minutes; ordinate, specific activity of —COOH of pyruvate (counts per min- 
ute per mg. of C X 107-7). Curve 1, all reactants except NaHCO;; Curve 2, all re- 
actants plus 0.05 m NaHCO;; Curve 3, all reactants including 0.05 m NaHCOQs, except 
phosphate. Experiments with NaHCO; gassed with 50 per cent CO.-50 per cent 
experiment without NaHCO; gassed with 


Results 


Inorganic Phosphate—In order to study the need for inorganic phosphate 
in the system it was first necessary to find a suitable buffer. Kalnitsky and 
Werkman (15) had used NaHCO; as a buffer in studying the effect of addi- 
tion of inorganic phosphate on the phosphoroclastic decomposition of 
pyruvate, as had Utter et al. (2) in studying the fixation of C-fdrmate. 
However, in our system bicarbonate inhibited both pyruvate breakdown 
and incorporation of formate carbon into pyruvate, as shown in Figs. 1 and 
2. Vessels were removed at varying time intervals and pyruvate was de- 
termined by the specific Friedemann-Haugen method (16). Fig. 1 shows 
that the consumption of pyruvate in the reaction mixture containing 0.05 
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mM NaHCO; was considerably slower than in the reaction vessels in which 
no NaHCO; was present. The pH both at the start and end of the incu- 
bation period was within a range of 6.80 to 6.85 in all vessels. Fig. 2 shows 
that bicarbonate likewise inhibited fixation of formate. The residual py- 
ruvate was degraded with ceric sulfate to obtain the carboxyl group as a 
measure of formate fixation. Curve 1 is without NaHCO; present; Curve 
2 is with 0.05 m bicarbonate added; Curve 3 is with 0.05 m NaHCO; added 
but with no inorganic phosphate. The very slow rate obtained in this last 
experiment may be ascribed to a combination of inhibition by NaHCO; and 
lack of sufficient inorganic phosphate. 

The inhibition exerted by NaHCO; on both pyruvate decomposition and 
fixation of formate appears to be due either to the HCO; ion or CO, and 


TABLE I 
Inhibition of Formate Fization by Buffers 
Experimental conditions Additions 

Undialyzed enzyme, 12 PO,” alone, 0.043 m 1982 
min. incubation " + collidine, 0.02 m 718 

. + Na maleate, 0.025 n 1810 

Dialyzed, 10 min. incuba- alone, 0.02 m 594 
tion = + imidazole, 0.025 m 11 


All reactants were as described in the text plus the additions listed above. The 
final pH of the reaction mixture was 6.8. 


not to Nat or a general ion effect. NaCl added in concentrations up to 
0.1 mM caused no appreciable inhibition of either pyruvate removal or fix- 
ation of formate; however, at concentrations higher than 0.1 mM both break- 
down and fixation were inhibited. — 

To determine the optimum concentration of phosphate required for fix- 
ation of formate with a buffer that was not inhibitory, other buffers includ- 
ing collidine, imidazole, arsenate, and maleate were tested. The results 
are presented in Tables I and II. It was found that all of these buffers 
added to phosphate inhibited the incorporation of formate carbon into 
pyruvate to a certain extent, as compared to the fixation of formate with 
phosphate alone. The inhibition of fixation of formate by arsenate was 
studied somewhat further. The results presented in Table II show that 
arsenate profoundly inhibits the fixation of formate, the inhibition increas- 
ing with concentration of arsenate though not in a linear fashion. With 
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arsenate concentration maintained constant, increasing the concentration 
of phosphate does not reverse the inhibition. 

Arsenate has been shown to be inhibitory in some systems in which acety] 
phosphate has been implicated (17) and stimulatory in others (18). The 
suggestion by Stadtman and Barker (17) that acetyl arsenate is formed and 
spontaneously decomposed at a relatively rapid rate is reasonable for the 
arsenate-catalyzed decomposition of acetyl phosphate but does not seem 
to be a likely explanation for the non-competitive arsenate inhibition ob- 
served in the phosphoroclastic system. 

Since maleate buffer was least inhibitory, the optimum phosphate con- 
centration was determined with this buffer. As shown in Fig. 3, an opti- 
mum phosphate concentration of approximately 0.022 m was found for 


TABLE II 


Inhibition of Formate Fixation by Arsenate 


Addition C.p.m. per mg. C 


All reactants were as described in the text plus the additions listed above. Arse- 
nate was added at pH 6.8. 


maximum formate fixation and above this concentration phosphate be- 
came somewhat inhibitory. KCl was not effective in replacing the phos- 
phate buffer; apparently the stimulation is not due to the potassium ion. 
Kalnitsky and Werkman (15) reported a phosphate optimum of 0.018 m for 
breakdown of pyruvate. Thus it appears that the optimum phosphate 
concentrations for both pyruvate breakdown and synthesis are about the 
same. The explanation of the inhibition produced by concentrations of 
phosphate over 0.02 Mm is not apparent at this time. Utter and Werkman 
(1) observed that high phosphate concentrations increased acetyl phos- 
phate accumulation, presumably by inhibiting acetyl phosphatase. It was 
also observed that acetyl phosphate inhibited the fixation of formate. 
Thus the inhibition by phosphate might be due to accumulation of acetyl 
phosphate. However, this does not appear to be the true explanation, 
since with the preparations used in our experiments and with 0.05 mM phos- 
phate, acetyl phosphate does not accumulate unless fluoride is added. 

It should be noted that the optimum concentration of phosphate for this 
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system may very well be the resultant of a number of synergistic or antag- 
onistic factors arising from a complex chain of interwoven reactions. Since 
the basis for measurement is the C™ incorporated in pyruvate, any side 
reactions of either formate or pyruvate might lower the specific activity of 
the residual pyruvate, as well as decrease the total amount of radioactive 
carbon present in pyruvate. 

The need for phosphate for both the breakdown and fixation reactions 
might indicate that there is a common intermediate. At one time this 
intermediate was assumed to be acetyl phosphate but the isotope experi- 
ments did not support this assumption (6). Nevertheless, it seems prob- 
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Fic. 3. Effect of addition of inorganic phosphate on incorporation of formate 
carbon into pyruvate. Abscissa, concentration of phosphate in moles per liter; 
ordinate, specific activity of —-COOH of pyruvate (counts per minute per mg. of 
CX 107!). All reactants (enzyme extract dialyzed for 1 hour) plus 8 units of coen- 
zyme A, 40 y of thiamine pyrophosphate, 0.05 N sodium maleate buffer, pH 6.55. 
Final pH of solution,6.8. Inecubated for 12 minutes. 


able that phosphate is involved in formation of a phosphate compound 
closely linked with acetyl phosphate. 

Experiments with Mnt*+, Thiamine Pyrophosphate, and Coenzyme A— 
As previously mentioned, considerable difficulty was encountered in at- 
taining a reproducible loss of activity by dialysis. Even under the stand- 
ardized conditions described, a rigorous relationship between loss of ac- 
tivity and duration of dialysis could not be obtained and it was necessary 
to establish the optimum time of dialysis for each enzyme preparation. 
For this reason results representative of several different experiments have 
been included in Tables III to VIII. 

Necessity for Mn++—lIn the studies of pyruvate dissimilation by E. 
coli, Kalnitsky and Werkman (15) obtained stimulation with dialyzed 
preparations by the addition of 0.005 m Mnt+. In our own experiments 
on the incorporation of formate, it was observed that when Mn*+ was 
added to a preparation which had been dialyzed until only a low order of 
activity remained there was a small but significant stimulation. With 
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less dialysis, t.e. higher residual activity, addition of Mn** was either 
ineffective or inhibitory. These results are presented in Table III. Con- 
centrations higher than 2.5 or 5 X 10~* M gave no increase of activity and 
resulted in a visible turbidity due to the formation of insoluble manganese 
phosphate; lower concentrations usually gave less stimulation. However, 
when Mn++ was added to a preparation to which cocarboxylase and co- 
enzyme A were also added, an inhibition was observed (Table V). The 
explanation of the inhibitory effect of Mn** when other components 
were present is not apparent at present. 

Necessity for Cocarboxylase-—For the phosphoroclastic breakdown of py- 
ruvate it has already been shown that cocarboxylase is required (15). In 


TaBLeE III 
Effect of Mn**+ on Fixation of C'4-Formate by Dialyzed Preparations 
The values are given in counts per minute per mg. of C. 


concentration 
Experiment No.* 
None 2.5 10-4 5 X 107-4 
1 49 105 
2 103 170 174 
3 120 195 307 
4 182 369 
5 190 490 
6 210 364 
7 356 276 


Undialyzed control with no addition, 1600 to 1700 c.p.m. per mg. of C. All react- 
ants were as described in the text; Mn**+ was added as MnCl». 

* Experiments 1 to 7 represent generally decreasing periods of dialysis from 3 to 
2 hours with different preparations as described in the text. 


the experiments to be reported cocarboxylase was also found to stimulate 
the formate exchange reaction both alone and in the presence of coenzyme 
A and Mnt*. Apparently preincubation of the cocarboxylase with the 
enzyme is essential for this reactivation. If cocarboxylase was put in the 
side arm with the pyruvate and tipped in with the substrate after gassing 
and equilibration, no stimulation was observed. In the tests presented 
in Tables IV and V the cocarboxylase was put in the main vessel with 
the enzyme and preincubated with the enzyme during the time required 
to add other components, transfer the vessel to the constant temperature 
bath, and gas with nitrogen. This entire period was approximately 10 min- 
utes. Table IV presents the results of experiments in which cocarboxylase 
was added and coenzyme A and Mn*+ were omitted. Experiments with 
cocarboxylase added along with coenzyme A and Mn? are presented in 
Table V. It is observed that cocarboxylase alone is highly stimulatory, 
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whereas addition of cocarboxylase with other components present did 
not cause a very large additional stimulation. Maximum stimulation 
was obtained with concentrations of 10 to 20 y per ml. of cocarboxylase; 


TABLE IV 
Effect of Thiamine Pyrophosphate on Fixation of C'4-Formate by Dialyzed 
Preparations 
The values are given in counts per minute per mg. of C. 
Thiamine pyrophosphate added, 7 per ml. 
Experiment No. 
0 10 20 22.5 30 45 
1 49 146 156 144 
2 182 509 579 510 
3 190 540 620 
4 356 361 845 840 
5 386 835 
6 459 883 451 
7 615 1190 


Undialyzed control, 1600 to 1700 c.p.m. per mg. of C. All reactants were as de- 
scribed in the text and with thiamine pyrophosphate in the main chamber. 

Experiments 1 to 7 represent experiments with different preparations and gen- 
erally decreasing periods of dialysis from 3 to 2 hours. 


TABLE V 


Effect of Coenzyme A, Thiamine Pyrophosphate, and Mn**+ on Fization of C'4-Formate 
by Dialyzed Preparations 


The values are given in counts per minute per mg. of C. 


: ° 2 units per ml. CoA 

23 64 48 
77 226 99 
103 403 603 369 
190 858 ; 1098 932 
226 1003 1320 1100 

452 563 
1023 1672 


Undialyzed control with no additions, 1600 to 1700 c.p.m. per mg. of C. All re- 
actants were as described in the text. 

*CoA = coenzyme A; TPP = thiamine pyrophosphate. 
higher concentrations seemed to be slightly inhibitory. Thiamine had no 
effect in this system. : | 

Coenzyme A—Chantrenne and Lipmann (personal communication)! have 
observed that coenzyme A is required for the formate exchange reactions 


1 See Chantrenne, H., and Lipmann, F., J. Biol. Chem., 187, 757 (1950). 


Fe,’ 
j 
‘ 
j 
| 


824 FORMATE FIXATION IN PYRUVATE 


in E. coli. These experiments were performed with an extract treated with 
Dowex, an ion exchange resin which apparently has the property of absorb- 
ing coenzyme A very strongly. It was of interest to test the effect of co- 
enzyme A on dialyzed preparations with our system. Table V shows that 
coenzyme A alone has a marked effect. The addition of cocarboxylase 
produced further stimulation, but the additional stimulation was not 
striking. The reverse of this is also true; 7.e., cocarboxylase alone showed 
a marked simulation; the addition of coenzyme A produced a slight fur- 
ther stimulation. With both coenzyme A and thiamine pyrophosphate 
present, Mn++ uniformly inhibited activity, as previously mentioned. 
There was some indication that coenzyme A also stimulated pyruvate 
breakdown as judged by the fact that, in general, experiments with co- 
enzyme A present contained less residual material oxidizable with ceric 
sulfate at the end of the incubation. 

Other Components—Except with dialyzed preparations of high residual 
activity (e.g. last row, Table V), addition of all components did not fully 
restore activity. With periods of dialysis over 3 hours, when residual ac- 
tivity was very low, addition of all components had almost no effect. This 
might indicate that protein inactivation occurred during dialysis or that 
other components were also necessary. In support of the first view it has 
already been observed that dialyzed preparations are far less stable than 
the undialyzed extracts. However, to determine whether other compo- 
nents might be required, boiled extracts of E. colt, yeast, and liver were 
added. The only extract to show stimulation was prepared immediately 
before use by boiling a 10 per cent yeast suspension for 1 to 3 minutes. 

Table VI presents the results of two experiments with preparations dia- 
lyzed for 2 hours which had lost considerable activity. Column 4 indicates 
that addition of boiled yeast extract results in greater stimulation than 
that produced by coenzyme A plus cocarboxylase (Column 2). Column 5 
indicates that the addition of boiled yeast extract prevents the inhibition 
caused by Mnt+ (Column 3). The presence of all the components re- 
sults in a greater stimulation than any combination of the other three. All 
of the components are not able to restore activity fully. 

The stimulation by boiled yeast extract does not necessarily indicate the 
existence of further cofactors. It is also possible that the stimulation is 
due to reversal of an inhibition or to stabilization of an enzyme. For ex- 
ample, if essential —SH groups had been oxidized during dialysis, a com- 
ponent of the yeast extract might have acted to reduce at least part of 
these oxidized groups. 

It is evident from these experiments that the system for fixing formate 
probably is complex and does not involve a single enzyme. The behavior 
of Mn++, the marked stimulation by cocarboxylase and coenzyme A 
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alone, and the lack of an additive effect all point to this interpretation. It 
is probable too that the comparative rates of protein inactivation and dis- 
sociation of components during dialysis vary considerably from one en- 
zyme preparation to another. These effects may account for the inability 
to obtain strict reproducibility. 

Experiments on Formation of Pyruvate from Acetate and Formate—Kap- 
lan and Lipmann (5) have reported that dried cell suspensions of E. coli 
are capable of catalyzing a net synthesis of pyruvate from acetate, formate, 
and ATP. In the experiments reported in Table VII, a dried LE. coli sus- 
pension? was incubated with labeled formate or carboxyl-labeled acetate. 
After 13 hours the reaction was stopped by the addition of 0.3 ml. of 3 N 
H.SO,. The insoluble residue was removed by centrifugation and washed 


TaBLeE VI 
Effect of Boiled Yeast Extract on Dialyzed Preparations 
The values are given in counts per minute per mg. of C. 


No additions CoA + TPP CoA CoA [CoA+ TEP. + Mat + 
(1) (2) (3) (4) (s) 
23 64 42 161 194 
"= 226 99 324 415 


Undialyzed control with no additions gave 1100 c.p.m. per mg. of C. All react- 
ants were as described in the text plus coenzyme A, 2 units per ml., thiamine pyro- 
phosphate, 20 y per ml., Mn*t, 5 X 10-4 M, boiled juice, 0.2 ml. 

* BYE = boiled yeast extract, prepared by heating 10 per cent suspension of 
dried brewers’ yeast directly over a free flame for 1 minute. 


twice. The washings and supernatant were combined and made up to a 
definite volume, and an aliquot was taken for pyruvate determination by 
the Friedemann-Haugen method (16). An endogenous control to which 
no substrates had been added was treated similarly. The net pyruvate 
formation was calculated by subtracting the endogenous pyruvate formed 
from the total pyruvate formed in the experiments with substrates present. 
For the degradation, 100 um of sodium pyruvate were added as carrier, the 
solutions were adjusted to pH 6.0 and incubated with a 1 per cent yeast 
suspension, and the products removed by aeration (6). The acetaldehyde 
from the CH;CO— group of pyruvate was collected in a solution of 2 per 
cent sodium bisulfite and the CO. from the —COOH group of pyruvate 
was trapped in 2.6 Nn NaOH. The acetaldehyde was distilled from the bi- 
sulfite complex after the addition of solid K,HPQO, in order to eliminate 
any trace of acetate that might have been carried over during the pyruvate 
degradation. The acetaldehyde was then oxidized with persulfate to CO, 


? I wish to thank Dr. Nathan O. Kaplan for a generous gift of dried EF. coli cells. 
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and the C“ was determined. The results are presented in Table VII. The 
values listed under ‘“‘Calculated”’ are based on the observed net increase in 
pyruvate and on the assumption that pyruvate was synthesized from the 
added labeled compounds. 

An interesting result of these experiments is the observation that as many 
counts from carboxyl-labeled acetate were incorporated into the carboxyl 
group of pyruvate as into the CH;CO— group (Experiment 2, Table VII). 
This indicates that, while some pyruvate may have been synthesized by 


TaB_LeE VII 
Synthesis of Pyruvate by E. coli Suspensions with Labeled Acetate and Formate 
| : Total c.p.m. in 
} T 1 c.p.m. 
Experi- Net COOH of pyruvate CHACO "ot 
ment Isotopic compound C.p.m. added | pyruvate 
No. ormed 
pM 
I | HC“OONa 420,000 | 0.85 | 410} 1040 3 0 
II | CH,C“OONa 1,016,000 | 0.83 | 162 0 | 124!| 1018 
II | HC*OONa + 280 ,000 
CH,C“OONa 
IV HCOONa 280,000 | O 14 
V CH;C“OONa 508,000 | O 8 


Experiments III, IV, and V, total volume of reaction mixture 2 ml., 0.6 ml. of 
10 per cent cell suspension in 0.02 m NaHCOs, 400 um of CH;COONa, 200 um of 
HCOON a, 30 um of ATP, 90 7 of cocarboxylase, 10 um of MgCle, 40 um of NaHCO). 
Incubated aerobically at 37° for 90 minutes. Experiment I, same as for Experi- 
ments III, IV, and V, except that all amounts were 14 times as great. Experiment 
II, same as Experiments III, IV, and V, except that all amounts are doubled. 

* Based on net pyruvate formed. 

+ On the basis of the net formation of pyruvate the counts per minute incor- 
porated from formate alone should have been 2281. From Experiment II and the 
net pyruvate formed in Experiment III it is calculated that acetate contributed 
327 c.p.m., thus giving a net calculated total of 2608. 


direct combination of acetate and formate, some other mechanism was 
also operating to cause isotope from carboxyl-labeled acetate to be incor- 
porated into the carboxyl group of pyruvate. Another interesting result 
was that with either labeled acetate or formate (Ixperiments 1 and 2) or 
with both labeled compounds (Experiment 3) the incorporation of isotope 
fell considerably short of what it should have been, judging from the net 
formation of pyruvate. 

One interpretation of these results would be the existence of endogenous 
exchange reactions accounting for randomization of isotope as well as for 
dilution. To check this possibility, a cell suspension was tested which had 
a high endogenous formation of pyruvate but which produced very little 
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additional pyruvate when substrate was added. The suspension was 
tested with C'-acetate and formate in separate experiments. The results 
(Experiments 4 and 5, Table VII) show that there was very little incorpo- 
ration of isotope under these conditions, indicating that probably synthesis 
of pyruvate is required for incorporation of isotope. 

The fact that the carboxyl group of acetate is incorporated in both the 
carbonyl and carboxy] groups of pyruvate and that net formation of pyru- 
vate is greater than is the isotope incorporation demonstrates that the re- 
actions are not limited to those involving the synthesis of pyruvate from 
acetate and formate. ‘This fact places in serious question the reliability of 
the measurement of net pyruvate synthesis as a criterion of the reversibil- 
ity of the phosphoroclastic reaction. 

Experiments on Aging of Enzyme—In a previous paper (6) it was ob- 
served that aging of the enzyme extract at 0° for 24 to 48 hours resulted in 
an apparent preferential inhibition of pyruvate breakdown as compared to 
formate fixation. In these experiments pyruvate decomposition was meas- 
ured by the evolution of gas from NaHCO; buffer, whereas the experiments 
on the incorporation of carbon from formate were carried out in phosphate 
buffer. Because the rate of fixation was not observed to be altered by 
aging, the hypothesis was presented that pyruvic acid breakdown and for- 
mate fixation were independent. However, the finding that NaHCO; 
inhibited pyruvate decomposition made it necessary to reinvestigate this 
point. A study of the time course of pyruvate breakdown and formate 
fixation has indicated that both sets of reactions are in reality slowed down 
by aging the enzyme. With unaged preparations exchange of carbon be- 
tween pyruvate and formate was found to reach equilibrium in approxi- 
mately 30 minutes, whereas with a preparation aged for 48 hours the period 
necessary to attain equilibrium was extended to about 50 minutes. Thus 
it is apparent that incubation periods greater than 50 minutes would re- 
sult in the same incorporation of isotopic carbon with both aged and un- 
aged preparations. Likewise, when pyruvate decomposition was meas- 
ured colorimetrically (16), it was found that aging resulted in a decreased 
activity both in bicarbonate and in phosphate. The effect was markedly 
greater in the presence of NaHCO 3. Since our earlier experiments were of 
1 hour’s duration and NaHCO; was present in the experiments in which 
pyruvate consumption was measured, it now is obvious that an erroneous 
impression of preferential inhibition was obtained. 

Experiments with Methyltartronic Acid (Isomalic Actd)—The finding 
that similar components are required for decomposition of pyruvate and 
for fixation of formate, and the clarification of the effect of aging, indicated 
that the two sets of reactions might possess common intermediates in ac- 
cord with hypothesis (1). However, in order to test hypothesis (2), the 
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postulated intermediate methyltartronic acid was synthesized and tested. 
It was found that the LH. coli extract did not metabolize this compound to 
any significant extent, as judged by formation of CO: and by oxidation of 
the residue of the fermentation with ceric sulfate compared to a ceric sul- 
fate oxidation of a non-enzymatic control. Experiments with labeled 
formate and unlabeled isomalate, in which the residual isomalate was de- 
graded with ceric sulfate, revealed that no carbon from formate was incor- 
porated into isomalate. In an experiment in which both isomalate and 
pyruvate were incubated at the same time with isotopic formate, and the 
pyruvate was degraded with yeast carboxylase, the results showed that 
isomalate had little effect in the pyruvate-formate exchange reaction (Table 
VIII). Furthermore, there was no fixation of formate in the isomalate as 


VIII 
Experimental Results of Investigation of Isomalate 


Experiment I Experiment II 


Substrate Total c.p.m. Total c.p.m. | 


Pyruvate | Isomalate | Pyruvate | Isomalate 


Isomalate + pyruvate + HC“OOH............ 1930 0 1421 0 


The total volume of reactants was 1 ml., 0.4 ml. of enzyme extract, 0.05 m K;PO, 
buffer, pH 6.8, 50 um of Na pyruvate, 40 um of Na isomalate, 50 um of HC“OONa 
containing 5000 c.p.m. Incubated 30 minutes. 


determined by oxidation of the residue of the carboxylase reaction with 
ceric sulfate. 


DISCUSSION 


Inorganic phosphate, cocarboxylase, and manganese have been shown by 
other investigators (15) to be required for the phosphoroclastic decomposi- 
tion of pyruvate. There is some indication that coenzyme A is also re- 
quired for this reaction. All of these components and perhaps others 
present in a boiled yeast extract also appear to be required for the incorpo- 
ration of carbon from formate into pyruvate. These facts seem to indicate 
that intermediates are formed which are common to both the catabolic and 
synthetic reactions. No evidence has been obtained that these reactions 
are independent. At one time one of the common intermediates was con- 
sidered to be acetyl phosphate. This concept is not supported by isotope 
experiments. However, some 2-carbon phosphorylated compound closely 
related to acetyl phosphate may be formed. The further metabolism of 
this 2-carbon compound may be mediated by coenzyme A-requiring en- 
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zymes. Coenzyme A has been shown to function in the acetylation of 
sulfanilamide, oxalacetate, and acetate (19-21) and it is likely that in our 
system coenzyme A is also functioning in a similar manner, the acetyl donor 
being the 2-carbon complex. However, the exact rédle of coenzyme A in 
the fixation reaction is puzzling. In the acetylating systems which require 
coenzyme A, acetyl phosphate can act as an acetyl donor, provided a trans- 
forming factor from E. coli or Clostridium kluyvert is present (22-24). Yet 
acetyl phosphate does not function as an acetyl donor in our system even 
though the transforming factor is presumably present. If a 2-carbon phos- 
phorylated compound is formed as an intermediate in the phosphoroclastic 
reaction, the problem resolves to that of providing an explanation for the 
irreversibility of the step [C—-C ~ P] — CH;—CO—OPO3H;z in our sys- 
tem, whereas it is apparently reversible in other acetylation systems. With 
the aid of present information relative to cofactors of the system, it is 
hoped that the enzymes now may be further purified and intermediates 
isolated. 


SUMMARY 


1. The incorporation of formate carbon into pyruvate, as catalyzed by 
extracts of Escherichia coli, has been shown to require inorganic phosphate, 
cocarboxylase, coenzyme A, and possibly manganese. 

2. Isotopic experiments with whole cell suspensions of EF. colt have indi- 
cated that net synthesis of pyruvate is not a valid criterion of the reversi- 
bility of the phosphoroclastic decomposition of pyruvate. 

3. A previous report that aging of extracts of EZ. colt causes preferential - 
inhibition of pyruvate and breakdown as compared to formate fixation has 
been clarified and reinterpreted. 

4. Methyltartronic acid, a postulated intermediate for the formate fix- 
ation reaction, has been shown to be inactive in this system. 

5. The possible connection between the phosphoroclastic breakdown of 
pyruvate and the incorporation of carbon from formate into pyruvate has 
been discussed. 


It is a pleasure to acknowledge the continued interest and advice of Dr. 
Harland G. Wood in these investigations. 
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ARGINASE, ADENOSINEPYROPHOSPHATASE, AND 
RHODANESE IN REGENERATING RAT LIVER* 


By OTTO ROSENTHAL, CHARLES S. ROGERS,f HARRY M. VARS, 
AND COLIN C. FERGUSONT 


WITH THE ASSISTANCE OF JOAN W. ZERBE AND BEATRICE G. NOVACK 


(From the Harrison Department of Surgical Research, Schools of Medicine, University 
of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, November 7, 1950) 


Gurd, Vars, and Ravdin (2) have shown that the restoration rate of 
liver protein following surgical removal of 70 per cent of the organ was 
greater in protein-depleted than in well nourished rats. These authors 
suggested that the stimulus to recovery of liver protein was more potent 
in the animal with the more severe reduction of liver substance. The 
nature of the stimulus to regeneration is not known. It seemed to us 
that information on the mechanism of growth responses could be ob- 
tained by studying the relationship between restoration of enzyme ac- 
tivity and of total liver protein in different states of nutrition. This 
paper deals with the restoration of arginase, adenosinepyrophosphatase, 
and rhodanese after partial hepatectomy. Data on the decreese of these 
enzymes on protein depletion have been presented previously (3). 


Procedure 


Male rats of the Wistar strain, weighing approximately 250 gm., were 
kept either on a semisynthetic 18 per cent casein-containing diet or on a 
corresponding protein-free régime for the periods of time indicated in 
Tables I and II. 70 per cent of the liver was then removed surgically 
and the animals were sacrificed at intervals varying from half a day to 
8 days after operation. Postoperatively, two types of nutritional states 
were studied: (1) feeding of the preoperative diet ad libitum, and (2) fast- 
ing for sacrifices up to the 4 day interval, and 4 days fasting followed by 
4 days feeding ad libitum for the 8 day interval. The composition of the 
diets, operative procedure, and methods of chemical analysis have been 
described by Gurd, Vars, and Ravdin (2). The methods of enzyme 
assay will be found in our previous publication (3). 


* This study was carried out under contract between the Department of the Army 
and the University of Pennsylvania. A preliminary report has appeared (1). 
{1 Harrison Fellow in Surgical Research. 
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Units 

As in the previous publication (3), results of the analyses have been 
expressed in terms either of concentration per gm. of liver protein or of 
content of total liver. The term content refers to the quantity of a con- 
stituent or the number of enzyme units per total liver mass per 100 gm. of 
initial body weight. The initial body weights of protein-fed and protein- 
starved animals were taken as the weight at operation and the weight on 
the day of transfer to the protein-free diet, respectively. The total liver 
weight on the day of operation was computed by multiplying the amount 
excised (left lateral and median lobes) by the factor 1.43 (3). Enzyme 
units are expressed as micromoles of assayed reaction product formed 
per minute under the standard conditions previously defined. 

Since this study is concerned with relative rates of regeneration rather 
than with absolute enzyme activities or amounts of constituents, the 
majority of results are recorded as the ratio of the sacrifice value to the 
value obtained at partial hepatectomy, the latter value being taken as 
unity. In this way each value has its individual internal control. In 
Tables I and II the ratios are denoted by the quotients s/h. In the case 
of concentrations, the quotient equals unity if the restoration of the quan- 
tity under examination is proportional to that of the total liver protein. 
With reference to content values, unity quotients signify complete restora- 
tion of a given entity, while a quotient of 0.30 indicates complete failure 
to regenerate. It should be remembered that the value of 0.30, the rela- 
tive size of the remnant left 7m situ at operation, represents an average 
with a standard deviation of +0.015 (3). A considerable variation of the 
s/h values must therefore be expected and their reliability as an index of 
growth is comparatively low as long as regeneration is small. The quo- 
tients computed on the basis of concentrations, on the other hand, are de- 
rived from quantities determined directly and will be mainly used for es- 
timating relative restoration rates of entities other than protein. 


Results 


Table I provides information on the restoration of liver enzymes and 
liver protein in protein-depleted rats after partial hepatectomy. The 
data cover the first 2 postoperative days, during which period the animals 
were supplied with protein-free food and water ad libitum. The results 
are expressed in terms of relative contents of liver constituents at the 
day of sacrifice. 

Inspection of the data shows that on the average the protein content 
of the liver remnant increased by 43 per cent (from 0.3 to 0.43) in 1 day 
and by 90 per cent (from 0.3 to 0.57) in 2 days. Restoration of rhodanese 
and apyrase paralleled that of the protein, although enzyme restoration 
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was somewhat slower. Neither postoperative caloric intake nor duration 
of preoperative protein depletion greatly affected the restoration rate of 
protein and the two enzymes. In contrast, arginase restoration was 


TABLE 
Enzyme and Protein Restoration after Partial Hepatectomy of Protein-Depleted Rats 
Relative content of liver at 

No. period at opera- index? 

tial® | eration | rice” tion |Protein| ‘Tage | danece |APYFasel 
1 day after operation 
kil mg. per 
days | am. hile | 

1 14 | 251 | 76 73 16 386 | 0.38 | 0.37 | 0.33 

2 14 | 258 76 73 16 361 | 0.41 | 0.38 | 0.30 

3 14 | 244] 86 83 12 351 | 0.40 | 0.50 | 0.40 | 0.36 | 41 

4 14 | 260 | 84 84 3 386 | 0.50 | 1.37 | 0.38 | 0.55 | 53 

5 31 | 273 | 70 69 14 298 | 0.40 | 0.75 | 0.33 | 0.31 0 

6 31 | 263 | 73 69 10 336 | 0.43 | 0.66 | 0.36 | 0.31 | 37 

7 49 | 260 | 58 56 13 306 | 0.41 | 0.91 | 0.37 19 

8 49 | 258 | 61 62 0 346 | 0.38 | 1.86 | 0.29 4 
Mean 0.43 0.34 | 0.38 

2 days after operation 

9 14 | 244 838 79 62 365 | 0.60 | 0.77 | 0.57 

10 14 | 270} 80 77 40 341 | 0.60 | 0.87 | 0.42 | 0.52 4 

11 14 | 238 | 73 70 30 386 | 0.51 | 0.75 | 0.44 

12 14 | 248 | 838 80 26 365 | 0.54 | 0.75 | 0.52 

13 13 | 291 | 84 78 6 355 | 0.66 | 1.55 | 0.47 | 0.65 1 

14 49 | 246 | 65 60 26 305 | 0.52 | 1.24 | 0.47 0 
Mean 0.57 0.48 | 0.55 


* Initial body weight (i.b.w.) = the weight on the day of transfer to the protein- 
free diet. 


t (Content of total liver at sacrifice)/(content of total liver at operation). Con- 


tents of total liver and of liver remnant at operation taken as 1.00 and 0.30, respec- 
tively. 
t Number of mitoses per 1000 nuclei of liver cells. 


markedly influenced by the metabolic state of the animal. If food intake 
was negligibly small (Experiments 4, 8, and 13), the arginase content of the 
liver remnant at sacrifice exceeded by 40 to 80 per cent the estimate for 
the total liver at the time of operation. If, on the other hand, the caloric 
intake approached the minimum requirement of 20 to 25 calories per day 
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for protein-depleted rats, the rate of arginase restoration was not greater 
than that of protein restoration (see Experiments 1 and 2). The data 
show, furthermore, that at equal caloric intake arginase restoration was 
greater in the more severely depleted animal (cf. Experiments 3 and 7 or 
Experiments 12 and 14); 72.e., in the liver with lower initial arginase ac- 
tivity (3). 

The inverse relationship between caloric intake of the protein-starved 
animal, and the arginase level of the regenerating liver appeared to indi- 
cate that the restoration rate of the enzyme was related to the postoperative 
rise of the endogenous nitrogen catabolism. To test this interpretation, 
arginase restoration was compared with urinary nitrogen excretion under 
the conditions of enforced caloric intake and of fasting. Results in terms 
of relative liver contents and relative rates of nitrogen excretion are re- 
corded in Table II. In the animals of Groups 1 and 2 the postoperative 
caloric intake was raised to 80 to 90 per cent of the preoperative level 
through oral and parenteral administration of a glucose-saline solution. 
The protein catabolism, as judged from the unchanged urinary nitrogen 
excretion, did not rise and the restoration of arginase remained about 
proportional to that of the liver protein. In the fasted groups, Nos. 3 
and 4, on the other hand, in which urinary nitrogen excretion almost 
doubled following the partial hepatectomy, the arginase content of the 
regenerating liver remnant was nearly 30 per cent higher than that of the 
total liver at the time of operation. The data show, furthermore, that 
high intake of non-protein calories also reduced protein restoration. This 
is to be expected from the protein-sparing action of glucose, since in pro- 
tein starvation the formation of new liver protein occurs at the expense 
of extrahepatic protein breakdown. The diminution of protein §restora- 
tion in Group 1, however, was greater than could be explained by the 
observed caloric intake and nitrogen output. Edema formation, an un- 
avoidable side effect of glucose-saline administration, was not responsible 
for this result. For in the fasted rats of Group 4, in which parenteral 
sucrose application combined with oral supply of plain saline produced 
marked fluid retention and edema, protein restoration was not impaired. 
It is possible that in the animals of Group | the greatly increased urinary 
volumes due to excessive fluid intake (up to 80.0 ml. of glucose-saline per 
day) resulted in a too rapid loss of nitrogenous metabolites in the urine. 

Fig. | illustrates the time-course of liver protein restoration in protein- 
fed and protein-starved animals during the first 8 days following partial 
hepatectomy. It also compares the effect of a postoperative fast on liver 
protein regeneration in both states of nutrition. From the shape of the 
curves it is evident that the initial rate of regeneration was greatest in the 
protein-depleted state and that regeneration came to a virtual standstill 
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between the 2nd and 4th postoperative days unless protein was supplied 
with the food. This is confirmation of previous studies from this labora- 
tory (2). In addition the graph shows that a postoperative fast accelerated 
the initial rate of protein restoration in the depleted liver, while slightly 
depressing it in the animal which was protein-fed up to the time of 
operation. 

It is of importance to note that under no nutritional condition was in- 
creased mitotic activity observed before the 24 hour interval, which was 
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Fic.1. Time-course of protein restoration. At zero time Group I (O) and Group 
Il (@) had been for 2 weeks on the semisynthetic protein-free diet, and Group III 
(A&) and Group IV (A) for 1 week on the corresponding 18 per cent casein diet. The 
heavy curves indicate postoperative periods in which the preoperative diet was fed 
ad libitum. The interrupted curves refer to periods of fasting. The individual 
points represent mean values, the vertical lines the standard error of the mean, and 
the number closest to the free end of the line the number of experiments. The or- 
dinate units are as defined in the second foot-note to Table I. At zero time the 
protein content of the liver remnant per 100 gm. of initial body weight averaged 
200 and 113 mg. in the protein-fed and protein-depleted groups, respectively. 


also the point of highest activity. Although the mitotic indices varied 
from 0 to 65 at this interval of time (see Fig. 2), the averages of 20 to 30 
were of the same order in the individual nutritional groups. There was 
thus no definite correlation between rate of protein synthesis or absolute 
amount of protein laid down and mitotic activity, with the sole limitation 
that low mitotic indices, between 0 and 5, occurred in livers in which pro- 
tein restoration was below the average for the group. Since there is good 
evidence (4, 5) that protein depletion does not cause a decrease in the 
number of liver cells, it would appear that the restoration of the cyto- 
plasmic protein which has been lost during the period of depletion is not 
an essential preliminary of cell division. 

Fig. 3 serves to illustrate to what extent the regeneration of enzyme 
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activity deviated from that of the total liver protein. Activity levels 
have been expressed in terms of enzyme concentration per gm. of protein 
and are presented as the ratios of concentration at sacrifice to concentra- 
tion at operation. 

It is evident from Fig. 3 that the regeneration of rhodanese lagged behind 
that of the total liver protein under all the nutritional conditions studied. 
Comparison of Fig. 3 with Fig. 1 reveals that the concentration of this 
enzyme started to fall when protein regeneration began to increase, passed 
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Fic. 2. Protein restoration and cell division. Nutritional groups as in Fig. 1 
@, glucose-treated animals (cf. Group 1 of Table II). Five values of each gre 5 
Nos. II and III, are taken from unpublished mitotic counts of Gurd, Vars, and Ravdin 
(2). D and N on the abscissa denote the average amount of liver protein, per 100 
gm. of initial body weight, which was left behind at operation in protein-depleted, 
D, and protein-fed, N, animals, respectively. The increments in the individual ex- 
periments have been computed on the basis of these averages. 


through a minimum during the subsequent period of rapid protein re- 
generation, and gradually rose when protein regeneration slowed down, 
although levels at the time of operation were in general not reached during 
the period of observation. While in the protein-depleted rats which 
were fed ad libitum after operation (Group II) the individual means at 
the lst and 2nd postoperative days were not significantly smaller than 
unity, the combined average of 0.85 + 0.042! for the two intervals was 
significantly reduced. The graph also shows that the concentration 
changes of apyrase closely followed those of rhodanese. 

The regeneration pattern of arginase was just the inverse of that of the 
other two enzymes. The highest rates of regeneration, up to twice that of 


1 Standard error of the mean. 
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the total liver protein, were obtained during the Ist postoperative days. 
After the 2nd day the rate of arginase regeneration slowed down much 
faster than that of the total liver protein. This resulted in a return of 
the arginase concentrations to almost normal levels during the subse- 
quent 6 days. In the protein-depleted animals the fall of the arg- 
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«. 3. Regeneration rate of liver enzymes. Nutritional groups as in Fig. 1. 
Un ess specified otherwise, the number of experiments as recorded at the uppermost 
curve holds also for the corresponding points of the lower curves. Whether or not 
an individual mean deviates significantly from 1.0, is indicated by plain symbols 
(P >0.05), half-shaded symbols (P <0.05), and fully shaded symbols (P <0.01). 
4 All, Subgroups III and IV, is meant to indicate that each experimental point repre- 
sents the average of four determinations. 


inase concentration was due in part to an absolute loss of arginase activity. 
At the 2nd postoperative day the relative arginase content of the re- 
generating livers was 1.29 + 0.158 and 0.78 + 0.029 in Groups I and IT, 
respectively. At the 8th day, the corresponding mean values were 0.88 
+ 0.076 and 0.61 + 0.032. The respective differences of 0.41 + 0.175 
and 0.17 + 0.043 were statistically significant. 

To demonstrate the relationship of arginase regeneration to the protein 
catabolism of the animal, Fig. 4 shows the mean values for the relative 
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rates of urinary nitrogen excretion during the entire postoperative period 
in the four nutritional groups. It is obvious that there was a remarkable 
similarity of the nitrogen excretion curves and the corresponding arginase 
concentration curves as given in Fig. 3. 

Although, on the average, arginase regeneration exceeded that of the 
total liver protein only if the nitrogen catabolism rose significantly above 
the preoperative level, increments of the arginase concentration from 10 
to 60 per cent were found in half of the eight livers from Group IV of Fig. 3 
which were assayed during the first 24 postoperative hours. In these 
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Fic. 4. Relative rates of urinary N excretion after partial hepatectomy. Nutri- 
tional groups as in Fig. 1. Denotation of the number of experiments as in Fig. 3. 
The preoperative rate of urinary N excretion per day averaged 191 and 51.0 mg. in 
protein-fed (Groups III, IV) and protein-depleted (Groups I, II) rats, respectively. 


instances the average increase in total liver protein amounted to but 7 
per cent, as compared with 20 per cent in the other four livers in which no 
rise of the arginase concentration took place. It appears possible that 
there was always an initial increase in arginase activity of the liver rem- 
nant following partial hepatectomy, but that this increase became de- 
tectable only if it was particularly large, either absolutely or with respect 
to the subsequent increase in total liver protein. This view is supported 
by the fact that under all nutritional conditions the initial rate of arginase 
regeneration was significantly greater than that of rhodanese. For in- 
stance in Group III of Fig. 3 the relative enzyme concentrations for the 
first 2 postoperative days averaged 0.93 + 0.031 and 0.75 + 0.0067 for 
arginase and rhodanese respectively. The difference of 0.18 + 0.032 
was highly significant statistically. 
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Fig. 5 furnishes information on the changes of lipide phosphorus and 
total lipide concentrations after partial hepatectomy. As in the case of 
enzyme concentrations, the protein has been used as the basis of ref- 
erence. Temporary increases of the lipide phosphorus concentration. 
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Fic. 5. Lipide P and total lipide levels in regenerating liver. Denotations as in 
Fig. 3. Note that for Group IV the ordinate scale above the break is one-half the 
scale used throughout the remainder of the graph. The mean values for lipide 
phosphorus and total lipide concentrations at operation, in terms of mg. per gm. of 
protein, are listed below, together with the standard error of the mean. The number 
of experiments is given in parentheses. Group I, 5.84 + 0.12 (39), 417 4+ 25 (38); 
Group II, 5.26 + 0.13 (21), 468 + 27 (21); Group III, 5.30 + 0.18 (16), 203 + 8 (16); 
Group IV, 7.18 + 0.05 (18), 156 + 7.5 (19). By multiplying with the factors 
13.4 (Groups I and II) and 18.0 (Groups III and IV), respectively, concentrations 
in terms of mg. per 100 gm. of liver, wet weight, can be obtained. 


ranging from 10 to 30 per cent, were noticed in all groups during the Ist 
postoperative days. While the initial rate of phospholipide regeneration 
was thus somewhat faster than that of the total liver protein, no relation 
to the regeneration pattern of enzymes was found. 

The increase of the total lipide concentration generally exceeded that of 
the lipide phosphorus to such an extent that the contribution of phospho- 
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lipides to the increase can be ignored. The curves thus illustrate the 
rapid accumulation of neutral fat in the liver remnant after partial hepa- 
tectomy. The maximum was reached at the end of the Ist postoperative 
day. The relative increases in the fasted groups, Nos. I and IV, were 
larger than in the corresponding Groups II and III fed ad libitum. The 
relative increase also greatly depended on the fat concentration in the 
liver tissue at the time of operation, being smaller in the protein-depleted 
than in the protein-fed animals, which had less liver fat preoperatively. 
Not too much significance should be attached to the average increases 
recorded in the graph, since the individual variations of the total lipide 
concentrations were extremely large in all groups, both before and after 
operation. These individual variations did not appear to have any direct 
bearing on the rates of protein and enzyme regeneration or on the amount 
of liver protein laid down. The main significance of the data lies in the 
fact that they demonstrate how greatly and in what unpredictable manner 
the chemical composition of liver tissue may change after partial hepatec- 
tomy. It is obvious that during the early phases of regeneration the 
weight of the liver remnant is not a reliable index of tissue growth or an 
adequate basis of reference for judging enzyme regeneration. 


DISCUSSION 


Our experimental results indicate that restoration of protein and resto- 
ration of cell number occurred in response to different stimuli. The rate 
of protein restoration appeared to depend on how rapidly, and to what 
extent, the level of nitrogenous metabolites in the circulation rose above 
the preoperative equilibrium level with the hepatic protein. This in- 
terpretation is consistent with the accepted concept of a dynamic equilib- 
rium between protein and free amino acids. In the maintenance of such 
equilibrium, however, the rate of supply of metabolites to the liver consti- 
tutes an important factor, since amino acids are constantly withdrawn 
from the equilibrium by irreversible reactions. It follows that, even in 
the absence of elevated amino acid levels in the portal blood, the in- 
creased blood supply to the liver remnant after partial hepatectomy will 
stimulate protein synthesis provided that the increased supply of metabo- 
lites exceeds the loss through oxidation and urea formation. Such a 
mechanism offers a reasonable explanation of the absence of liver regenera- 
tion in experimental animals in which the portal blood flow was partially 
diverted from the liver remnant through a by-path between the portal 
vein and the vena cava (6). 

As to the stimulus for cell division, our experiments demonstrated 
that the amount of protein laid down was not the decisive factor. From 
the changes in the enzymatic activity of the regenerating organ it appears 
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possible that an altered composition of the newly formed protein could 
have been of greater importance. The stimuli to preferential restoration 
of individual enzymes thus deserve special consideration. 

The most striking enzymatic change during the premitotic phase of 
liver regeneration concerned the activity of arginase. It was shown that 
the rate of restoration of this enzyme was geared to the protein catabolism 
of the animal. Oppenheimer and Flock (7) reported that the concentra- 
tion of alkaline phosphatase in the liver remnant rose rapidly after partial 
hepatectomy of normal rats fed ad libitum. We (8) have confirmed this 
observation under the four nutritional conditions employed by us. Al- 
though the degree of the rise was influenced by the metabolic state of the 
animal, the precise interrelationship remains to be established. Evidence 
in support of hormonal control of the liver levels of both arginase and 
alkaline phosphatase has been presented by several investigators (9, 10). 
Opinions are divided in regard to the question whether the enzyme re- 
sponses are primary effects of hormonal stimulation or whether they are 
secondary to the stimulation of the metabolism. (11). 

We have shown that under all nutritional conditions the concentration 
of rhodanese and apyrase started to fall toward the end of the premitotic 
phase of liver regeneration, to pass through a minimum during the subse- 
quent period of highest mitotic activity. Novikoff and Potter (12) ap- 
parently observed a similar phenomenon? with malic dehydrogenase, cyto- 
chrome c reductase, succinoxidase, and oxalacetic oxidase. The fall in 
nitrogen content of cytoplasmic liver fractions, as reported by Price 
and Laird (13), coincides with the period of reduced enzyme concentra- 
tions. This indicates that differential growth rates of morphological tissue 
components rather than specific enzymatic responses are involved. 

These two-directional changes in the enzyme activity of regenerating 
liver tissue lead to a distortion of the original enzyme pattern which 
becomes maximum at the onset of increased mitotic activity and is 
alleviated in the course of cell division and additional protein synthesis. 
In view of the fact that the rise in arginase activity is conditioned by the 
metabolic state of the animal, one may tentatively suggest that excessive 
production of individual enzyme proteins in response to an increased 
functional load initiates the process of cell division, in the course of which » 
balance between the cellular components is restored. <A clearer under- 
standing of the mutual interrelationship of these processes will require 
more information on enzyme location, as well as on the relation of amount 
and activity of enzymes to levels of substrates and endocrine factors. 


2 Its significance is not quite clear since enzyme concentrations are reported on 
the basis of dry weight. The pitfalls of this method have been pointed out above. 
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SUMMARY 


The initial rate of restoration of hepatic protein after partial hepatec- 
tomy was greater in protein-depleted than in protein-fed rats, accelerated 
by fasting in the former animals, and slightly reduced in the latter. The 
time of onset and rate of cell division, on the other hand, were identical 
in the nutritional groups, suggesting that composition rather than quantity 
of the regenerated protein was the factor determining mitotic activity. 
Changes in composition were evidenced by the fact that the arginase ac- 
tivity of the protein tended to increase during the premitotic phase of 
regeneration, while, toward the end of this phase, the concentration of 
rhodanese and adenosinepyrophosphatase started to decrease. It was 
shown that the regeneration of arginase was stimulated by increases in the 
protein catabolism of the animal, whereas the reduced restoration of the 
other two enzymes was independent of the nutritional state. The inter- 


relationship of protein restoration, cell division, and enzymatic responses 
has been discussed. 
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Considerable data have been accumulated from metabolic studies of 
various microorganisms, as well as mammalian tissues, which imply a tri- 
carboxylic acid cycle as a major pathway for acetate oxidation (1). How- 
ever, evidence bearing on acetate oxidation in bacteria has remained for 
the most part fragmentary and indirect. In this paper data on acetate 
oxidation by “adapted”? Escherichia coli (2) will be presented. 

In the experiments to be described, C'-labeled acetate was oxidized 
simultaneously with a-ketoglutarate, succinate, fumarate, malate, oxal- 
acetate, and pyruvate, singly or in combination. The fact that all sub- 
strates were metabolized at comparable rates was taken to indicate that 
no complications arose owing to differential permeability. From chemical 
analysis of COz, residual acids and cell material, as well as manometric 
data on O, uptake, it was possible to show that, when an appreciable frac- 
tion of acetate and other substrates was metabolized, there was incorpora- 
tion and distribution of labeled carbon into all substrates with the excep- 
tion of a-ketoglutarate. ; 

Some preliminary results on cell-free extracts are also reported. Fi- 
nally, these data are assessed on the basis of various schemes proposed 
for acetate oxidation. 


Materials and Methods 


E. colt (strain E-26) was grown for 48 hours, with constant aeration 
at 30° in the usual medium (2) containing 1.5 per cent sodium acetate as 
substrate. The handling of the cells and the manometric procedures were 
identical with those described previously (2). Cell-free extracts were 
prepared by the method of Kalnitsky, Utter, and Werkman (3). 

Reactions were allowed to continue until approximately 25 to 50 per 
cent of the substrates present were utilized. At the end of the incubation 
period, the various products were separated and the distribution of radio- 
activity was determined. 

The reaction mixture was first acidified either with 12 n H.SO, or with 
trichloroacetic acid, the evolved carbon dioxide being trapped in the 
alkali present in the center well of the Warburg cup. It was then con- 
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verted to barium carbonate, washed with alcohol, and weighed, and the 
C™ content was determined. 

The cells were recovered by centrifugation and then washed several 
times with distilled water, as well as at least once with unlabeled acetate. 
Finally they were dried at 100° and their radioactivity was measured 
(see below). 

The supernatant containing the water-soluble components of the reaction 
mixture was steam-distilled to remove residual acetic acid, and the dis- 
tillate titrated. Duclaux distillation showed the acid recovered to be 
at least 95 per cent acetic. An aliquot of the neutralized acetate was 
assayed for C“ content by direct evaporation on stainless steel disks (see 
below). In a control experiment it was shown that 200 um of 2-C"-acetic 
acid containing 216,000 c.p.m. were removed completely from 100 um 
each of unlabeled a-ketoglutarate and succinate by steam distillation. 

The non-volatile acid-soluble fraction was extracted continuously for 
48 to 72 hours in the presence of excess sodium bisulfite at pH 2 to 3 to 
separate the C,-dicarboxylic acids from keto acids (4, 5). When pyruvate 
was the carrier acid employed, it was necessary to begin with the ether 
extraction rather than the steam distillation, because of the marked volatil- 
ity of the pyruvate. In this case, the acetate was recovered later from 
the ether layer by steam distillation. 

The ether-soluble material containing C,-dicarboxylic acids was sub- 
jected to one more steam distillation to remove all traces of acetate. 
A neutral aliquot of the residual liquor was assayed for C™ content (see 
below). Another aliquot was boiled with acid permangante; CO. formed 
in this way was collected in 4 N CO.-free NaOH and converted to BaCO3; 
for C™ assay. Volatile aldehyde was collected in 3 per cent sodium 
bisulfite for C™ assay (see below). In no case was appreciable radio- 
activity obtained in these fractions unless large amounts of appropriate 
carrier, such as fumarate or malate, had been used in the experiment to 
trap acetate carbon. 

The residue from the above reaction (containing manganese dioxide) 
was filtered and reduced in volume, and succinate was recovered by ether 
extraction. After neutralization, a portion was taken for radioassay. 
The remainder of the solution was converted to a mixture of fumarate and 
malate by a succinoxidase preparation from beef heart in the usual way 
(6). The oxygen uptake was used to estimate succinate. 

The mixture was acidified to remove protein, filtered, and again oxidized 
with acid permanganate. The resulting CO, and acetaldehyde corres- 
ponded to the carboxyl and methylene carbon atoms of succinic acid, 
respectively. These fractions supplied the data used in calculating the 
original distribution of C™ activity in succinate (4). The fact that con- 
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siderable activity appeared in acetaldehyde and CO, only after dehydro- 
genation with succinoxidase was the basis for assurance that the C™ content 
observed in these fractions was truly indicative of that originally in the 
succinate. 

The bisulfite which was bound by the acetaldehyde was released by 
adding 2 gm. of sodium bicarbonate. The freed bisulfite was then titrated 
with standard iodine solution. In early experiments a portion of the 
aldehyde-bisulfite complex was evaporated under a vacuum at room temper- 
ature on a standard stainless steel disk plate and the C™ content deter- 
mined. However, this procedure was found sometimes to result in high 
losses, probably because of inadvertent failure to bring the solutions 
exactly to neutral pH. Hence, in later experiments, the aldehyde was de- 
graded with alkaline hypoiodite to iodoform and formate, and the activities 
found in these products were added to determine initial aldehyde activity. 

Treatment of the water layer depended on whether pyruvate or a- 
ketoglutarate was the carrier acid. First, the solution was freed of sulfite 
by acidifying and boiling, after which it was oxidized with ceric sulfate. 
The CO, evolved was used to estimate the keto acid present. In no case 
was sufficient organic matter, other than carrier keto acid, present to 
invalidate this procedure. When pyruvate was present, the acetate formed 
was removed by steam distillation and titrated. Both CO, and acetate 
were assayed in the usual way for C content. When a-ketoglutarate was 
present, the CO, formed by the ceric sulfate oxidation was collected and 
used to estimate keto acid present. The succinate formed was freed of 
any contaminating acetate (resulting from traces of labeled pyruvate 
arising during metabolism) by steam distillation with carrier acetate, 
after which it was extracted with ether and characterized by the procedure 
described above. Again no organic matter other than succinate was 
present to invalidate the oxidation procedure. The COQO2, succinate, and 
degradation products of succinate were assayed for C' content (see below). 

In no case were both a-ketoglutarate and pyruvate added together as 
carrier. Therefore no careful separation of the two keto acids was neces- 
sary. However, to remove small amounts of labeled pyruvate which 
might have formed during the experiment, carrier a-ketoglutarate, added 
to the residue of ether-bisulfite extraction, was precipitated as the silver 
salt, dissolved in nitric acid, reextracted with ether for 24 hours, and 
neutralized, and the radioactivity was determined. Because it was shown 
early in this work that the C; keto acid never contained appreciable C%, 
no precautions were taken in separating carrier pyruvate from possible 
small amounts of a-ketoglutarate. 

In experiments involving fumarate as carrier, residual fumarate in the 
ether layer was determined by the method of Stotz (7). An aliquot of the 
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ether layer was also degraded with acid permanganate, the resulting 
formate being recovered by steam distillation and its C“ content and acid 
titer determined. This formate provided a measure of C™ content 
of methylene carbon, as well as a check on residual fumarate. Finally, the 
purity of the fumarate was checked by paper chromatography (see below). 
The C* content of residual fumarate was obtained in the following manner. 
The acid from the aliquot subjected to chromatographic separation was 
eluted completely from the paper, and its C™“ content, and hence the total 
C* content of the fumarate, was determined. From this value twice the 
C™ content of the formate was subtracted, giving the activity residing in 
the carboxyl groups. 

In experiments involving malate as carrier, the acetaldehyde resulting 
from acid permanganate degradation of the ether layer was used as an 
index of residual malate. Instead of trapping aldehyde as the bisulfite 
complex, the oxidation was carried out with a micro distillation apparatus 
in which the aldehyde was distilled directly into a flask immersed in an 
ice-salt mixture. The aldehyde so collected was degraded further to 
iodoform and formate and assayed as described below. Paper chromato- 
graphy was used to check the purity of the residual malate, and the car- 
boxyl C™ content was determined, as in the case of formate, by difference 
between total C' content of malate, as obtained from the chromatographed 
aliquot, and the C™“ content of the 2 central carbons, as given by the val- 
ues found for the iodoform and formate. 

In experiments involving oxalacetate as carrier, the cell suspension was 
freed of cells by centrifugation, acidified with H2SO,, and boiled for 30 
minutes, thereby converting all oxalacetate remaining to pyruvate and 
CO.. The residual pyruvate which was a measure of original residual 
oxalacetate was treated as described above. 

The paper chromatography procedures used were adapted with little 
change from those described in the literature (8). The chromatograms 
were calibrated by using a large variety of pure compounds, singly or in 
combination. The absolute Rr values agreed satisfactorily with those 
cited in the literature, but for identification of labeled material, with or 
without addition of carrier, more reliance was placed on relative Rr values. 
In many cases, control strips from the same paper stock were run with a 
solution of known content, side by side with strips or sheets containing the 
unknown, and bands were placed by direct comparison with those found 
on control strips. Bands corresponding to various compounds were cut 
out and eluted twice with boiling water. Final identification was ac- 
complished by rechromatographing eluted labeled compounds after ad- 
dition of a variety of unlabeled carriers. The solutions obtained were 
concentrated, if necessary, and assayed for C“ content. The components 
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which could be identified with certainty, if present, were succinate, a- 
ketoglutarate, citrate, malate, tartrate, fumarate, and lactate. 

All radioassays were made with a conventional end window Geiger- 
Miller tube counter connected to a Tracerlab autoscaler. Solutions were 
pipetted on recessed stainless steel disks after neutralization. Solids such 
as protein, cell material,.and BaCO; were mixed in ethyl alcohol and plated 
evenly on the disks. Drying was conducted under an infra-red lamp. 
Appropriate corrections for self-absorption and carbon content were ap- 
plied. 

The C-methyl-labeled sodium acetate was obtained as a dry crystalline 
powder from Tracerlab, Inc., Boston, Massachusetts, and exhibited an 
initial activity of ~4 X 10° c.p.m. per mg. as assayed with the geometry 
used. This material was diluted with unlabeled acetate and subjected to 
Duclaux distillation. The Duclaux constants obtained for the active 
material showed it to be at least 95 per cent pure acetate. 

The experiments designed to supply data for quantitative deductions 
regarding mechanisms were carefully checked with regard to recovery of 
C4. Only experiments in which recovery of C™ in various fractions was 
greater than 85 per cent of the total, initially added as acetate, were used 
to supply necessary data on reaction mechanisms. Systematic errors, 
unless otherwise indicated, did not exceed +5 per cent of the values given, 


EXPERIMENTAL 


Experiments with Intact Cells—Preliminary experiments of a semiquanti- 
tative nature were performed, in each of which labeled acetate was partially 
oxidized in the presence of unlabeled pyruvate, a-ketoglutarate, or suc- 
cinate. 

It was found that under conditions in which all three substrates were 
available to the bacteria, as evidenced by oxidative metabolism, acetate 
carbon was recovered only in succinate and pyruvate and not in a-keto- 
glutarate. These exploratory experiments revealed that oxidation of ap- 
proximately 200 um of acetate simultaneously in the presence of approxi- 
mately 1 mm of each of three substrates trapped between 25 and 35 um 
of acetate carbon in succinate and pyruvate, respectively, while less than 
0.5 um of acetate carbon was trapped in a-ketoglutarate. 

The results obtained when experiments were performed to determine 
quantitatively the entrapment of acetate carbon in various postulated 
intermediates of the tricarboxylic acid cycle are best exemplified by con- 


sidering results in which labeled acetate was oxidized simultaneously with 


a-ketoglutarate and succinate. The data obtained are summarized in 
Table I. 
Qualitatively, the salient results were as follows: (1) the low C™ content 
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TABLE 


Accumulation of Radioactive Succinate and Inactive a-Ketoglutarate during Oxidation 
of 2-C'4-Acetate by E. coli 


Conditions Fraction ‘Amount C4 content | Specific activity 
uM c.p.m. cC.p.m. per uM 
Initial Acetate 112 114,000 + 2500 1020 + 20 
(methyl carbon) 
Succinate 125 0 0 
a-Ketoglutarate 125 0 0 
Carbonate 0 0 
Final Acetate 135 80,000 + 2500 604 + 18 
Succinate 97 
Methine carbons 8,620 + 400 44.4 + 2.0 
Carboxyl carbons 5,840 + 300 30.1 + 1.5 
a-Ketoglutarate 95 <120 <0.5 
Cells (40 mg. dry weight) 2,180 + 100 
Carbonate 1,830 


The complete system consisted of 1 ml. of 0.2 m phosphate buffer, pH 7.0, 1 ml. 
of a 10 per cent suspension of freshly harvested (acetate-grown) E. coli, substrates 
as indicated, and NaOH in the center well. Total volume 10 ml., temperature 
30°. Time of incubation, 4 hours. 

Recovery data, total recovered, 98,410 ¢.p.m.; initial activity, 114,000 c.p.m., 
recovery 86 per cent. Manometric data, O2 observed with substrates, 3649 ul., 
without substrates, 1327 ul., calculated from substrates disappeared, 3650 ul. 


TABLE II 


Distribution of Radioactivity in Products of Dissimilation of 2-C'4-Acetate by E. colt 
in Presence of Inactive a-Ketoglutaric Acid 


Chemical data Total activity Specific activity | Average 
Fraction specific 
activity 
Initial | Final Initial Final Initial | Final 
uM pM c.p.m. c.p.m. 
224 188 | 200,000) 90,000 | 890 480 685 
a-Ketoglutarate.............. 250 | 203 0 360 0 1.5 
“C, fraction’? later deter- 
mined to be succinate)..... 0 11 0} 2,000 0 | 200 , 100 
0 310 0; 66,700 0 215 


The complete system consisted of 2 ml. of a 10 per cent suspension of a week old 
acetate-grown E. coli, 2 ml. of 0.2 m phosphate buffer, pH 7.0. Substrates as in- 
dicated and NaOH in the center well. Total volume 12 ml.; temperature 30°. Time 
of incubation, 6 hours. 

Recovery data, total recovered, 172,700 c.p.m.; initial activity of acetate, 200,000 
c.p.m.; recovery, 86 per cent. Manometric data, total O2 uptake observed with 
substrates, 4239 ul., without substrates, 1179 wl. Theoretical oxygen uptake as 
calculated from substrate disappearance, 4040 ul. 
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of evolved carbonate and of acid-insoluble cell material, (2) the high C™ 
content of succinate, and (3) the absence of detectable C™ in a-ketoglu- 
tarate. In this experiment all substrates were metabolized; thus the 
inefficiency of a-ketoglutarate in trapping acetate carbon could only be 
ascribed to intracellular rather than extracellular factors. Quantitative 
consequences of these data will be considered in the next section. 

It is of interest to include one experiment in which a-ketoglutarate alone 
was oxidized simultaneously with labeled acetate; the results are shown in 
Table II. Here, it will be noted that the C™ content of evolved carbonate 
and acid-insoluble cell material was relatively much greater than that 


TABLE III 
Oxidation of 2-C'4-Acetate by E. coli 
Chemical data Total activity | Specific activity 
Fraction 
Initial Final Initial Final Initial Final 
See 100 55.0 | 114,000 | 18,600 | 1140 352 
0 | 114 0 | 71,000 0 625 
“Keto acid fraction’”’............ 0 2,500 


Total volume of reactants 12 ml. The system consisted of 1 ml. of 20 per cent 
suspension of freshly harvested (acetate-grown) E. coli, 1 ml. of PO, buffer (0.2 m), 
pH 7.0, sodium acetate as indicated, alkali in center well, and distilled water to 
volume. Aerobic incubation, temperature 30°. Time of incubation, 5 hours. 

C" recovery data, total recovered, 111,360 c.p.m.; initial activity, 114,000 ¢.p.m.; 
recovery, 98 per cent. Manometric data, O2 uptake observed with acetate, 3620 
ul., without acetate, 1700 ul. 


observed in the experiment of Table I. In fact, following the addition of 
a-ketoglutarate, the distribution of C™ in the various cell fractions did not 
change appreciably from that observed with labeled acetate alone (see 
Table III). 

The major datum of Table III is the 3.2-fold dilution of acetate resulting 
from turnover with endogenous substances. This endogenous dilution 
prevented the use of data for acetate dilution, obtained from experiments 
on simultaneous oxidation of various substrates, to indicate unambiguously 
participation or non-participation of a citric acid cycle, as was possible 
in studies with yeast which exhibited neglible endogenous turnover (9). 

Runs with labeled acetate and unlabeled pyruvate, fumarate, malate, 
and oxalacetate, singly or in combination, all yielded results similar to 
those obtained with succinate. However, in experiments with fumarate, 
malate, and oxalacetate, an unexpected complication arose. It was ob- 
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served that a large endogenous reduction of these compounds to succinate 
occurred, even though a rapid uptake of oxygen was noted and conditions 
were such that vigorous oxidation could proceed (with rapid shaking in 


TABLE IV 
Oxidation of 2-C'4-Acetate in Presence of Either 2 mm of Malate or 2 mm of Fumarate 
by E. coli 
Total counts Specific activity 
Carrier Product specific 
Ini” | | Initial | Final | Initial Final 
uM | pM | | c.p.m. per uM 
Malate | Acetate 78; 212 100 ,000'87,300 1280 | 412 846 
Malate 2000 1925 019,100 
a ,8-Carbons 16,700 9.2/2 (4.6) per 
uM 
COO- carbons 2,400 1.3/2 (0.6) per 
um C 
Succinate 0| 75 0,18 ,000 60 per uM C (as- 
suming uni- 
form distri- 
bution) 
Cells 1,520 
Fuma- | Acetate 78| 494/100 ,000.75,000 1240 | 250 745 
rate | Fumarate 2000 2000 0 1,500 
a,8-Carbons 1,100 0.25 per um C 
COO- carbons 400 0.10 per um C 
Succinate 0 36 0, 1,300 11 per um C (as- 
suming uni- 
form distri- 
bution) 
OF) fraction”’ 014,200 
other than suc- 
cinate or fuma- 
rate, possibly 
malate and ox- | 
alacetate | | 
Cells | | 765 | 


In the experiment with malate as carrier, the complete system consisted of 2 ml. of 
20 per cent suspension 20 days-old, acetate-grown FE. coli, 1 ml. of phosphate buffer 
(0.2m), pH 7.0. Substrates as indicated and NaOH in center well. Temperature, 
30°. Time of incubation, 5 hours. 

In the experiment with fumarate as carrier, the same conditions as above except 
that the time of incubation was 8 hours. 


air). Thus, in one experiment beginning with 100 um of labeled acetate 


and 125 um each of unlabeled fumarate and a-ketoglutarate, there remained 
44 uo of acetate, 103 um of a-ketoglutarate, and less then 30 um of fumarate. 
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104 wm of succinate appeared. Thus, it seemed that practically all the 
fumarate had been converted to succinate, possibly through the inter- 
vention of endogenous hydrogen donors. Insufficient hydrogen was avail- 
able from the acetate utilized to account for an appreciable fraction of the 
succinate formed. However, in early observations on E. colz it has been 
shown that fumarate can undergo a dismutation under anaerobic conditions, 
7 molecules of fumarate forming 6 molecules of succinate and 4 molecules 
of carbonate (10). <A similar reaction may have occurred in this experi- 
ment, owing perhaps to the density of cell suspensions used, which may 
have resulted in maintaining cells much of the time under essentially 
anaerobic conditions, despite vigorous shaking in air. 

Attempts to minimize this effect by using freshly harvested young cells 
(18 hours old) failed. It was found possible to demonstrate unambigu- 


TABLE V 
Oxygen Uptake by E. coli Extract with Various Substrates (7 Hour Experiment) in 
Phosphate Buffer, pH 7.0 


Experiment No. Substrates Oz uptake 
pl. 
1 56 uM acetate,* 1.2 mm succinate 2097 
2 56 SS 5 mg. adenosinetri- 3267 
phosphate 
3 56 um acetate,* 1 mm a-ketoglutarate 1917 
4 56‘ 1751 
5 1.2 mM succinate 3092 
6 Endogenous 131 


* Included 17.6 um of 2-C'4-acetate containing 414,000 c.p.m. 


ously entrapment of acetate carbon in malate and fumarate only when 
relatively enormous quantities (2 mm) of these acids were used (see Table 
IV). 

Experiments urth Cell-Free Extracts—It has been recorded that extracts 
of E. coli incubated anaerobically with unlabeled pyruvate and carboxyl- 
labeled acetate produce appreciable quantities of carboxyl-labeled suc- 
cinate (11). Attempts to extend these observations to aerobic dissimilation 
of labeled acetate in the presence of a variety of added unlabeled substrates 
will be summarized briefly. | 

Pooled juices could be prepared which invariably exhibited good oxygen 
uptake (cf. Table V) but which only occasionally utilized acetate carbon in 
synthetic reactions. Thus, as an example, all of the extracts in Experi- 
ments 1 to 3 (Table V) showed comparable oxygen uptake and substrate 
dissimilation. Yet, in Experiments 1 and 2, only 120 and 300 c.p.m., 
respectively, out of a total 414,000 c.p.m. as acetate, appeared as non- 
volatile material, while in Experiment 3, the non-volatile matter assayed 
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6000 c.p.m. Of these 6000 c.p.m., the major fraction (approximately 
50 per cent) appeared to be citrate, but appreciable activity also appeared 
in succinate (600 c.p.m.), in lactate (900 ¢.p.m.), and in pyruvate (375 
c.p.m.). No activity (<5 ¢c.p.m.) was found in a-ketoglutarate, although 
a very distinct band due to the carrier was present. 

Similar results were obtained in all successful experiments; 7.e., there 
was incorporation of acetate carbon in citrate, pyruvate, succinate, and 
lactate, and no significant incorporation in a-ketoglutarate. 

No positive evidence for a Knoop-Thunberg type of condensation could 
be obtained in extracts prepared from adapted E. coli, as hoped, because 
of results typified above. The mere appearance of appreciable acetate 
carbon in succinate, while an encouraging sign, could not be interpreted 
solely as arising directly from condensation of acetate with itself, since 
only a small fraction (<10 per cent) of the total activity incorporated into 
various compounds and originating from acetate found its way into suc- 
cinate. 


DISCUSSION 


No data on variation due to time in specific C™ content of various pro- 
posed intermediates and of evolved CO: during oxidation of labeled acetate 
have been presented to date, primarily because the rate of equilibration 
is very rapid, owing to the small amount of intermediary carbon used to 
maintain an oxidation cycle. In the absence of these data, the validity of 
the tricarboxylic acid cycle, or so called “‘citric acid”’ cycle, is inferred from 
measurements of equilibrium isotope distribution. 

Other condensation reactions have been proposed to bring acetate into 
the cycle at a point other than citrate. The best known reaction of this 
type is the Knoop-Thunberg condensation, involving oxidative coupling 
of acetate with itself to form succinate, followed by a cycle involving 
reformation of acetate via the C,-dicarboxylic acids and pyruvate. In 
addition, there are possible all the other condensation reactions which can 
be written involving acetate and any one of the citric acid cycle inter- 
mediates. Also, work on Azotobacter agilis indicates the possibility that 
acetate may be oxidized without participation of the citric acid cycle at 
all (12). 

It has been shown that, in the oxidation of carboxyl-labeled barium or 
magnesium acetate by yeast, the citrate which accumulates exhibits the 
isotopic content to be expected if the citric acid cycle is the major oxidative 
pathway; moreover, the distribution of labeled carbon in the carboxyl 
groups leads to the inference that a Knoop-Thunberg condensation may 
function as an auxiliary reaction (9). More recently, evidence based on 
the equilibrium distribution of acetate carbon in C,-dicarboxylic acids, 
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during oxidation of labeled acetate by molds, has been presented and in- 
terpreted as establishing a C.-C. type of condensation (7.e. Knoop-Thun- 
berg type of reaction) as a major pathway for acetate oxidation, as well 
as synthesis of C,-dicarboxylic acids (13). 

The data presented in this paper which indicate strongly that a cyclic 
mechanism is involved in acetate oxidation by E. colt are as follows: 
(1) nearly symmetrical distribution in succinate of carbon originally in the 
methyl group of acetate and (2) equivalence of C™ content of succinyl, 
carboxyl, and evolved CO. (see Table 1). 

The salient fact which emerges from these researches is that a-keto- 
glutarate is completely ineffective as a trapping agent for acetate carbon, 
under conditions-in which acetate carbon is oxidized and trapped quanti- 
tatively in succinate and pyruvate. From the data of Table I, <0.5 
uM of acetate carbon was trapped in a-ketoglutarate, while succinate 
trapped effectively all of the acetate carbon metabolized (~50 um). The 
data of Table II show even more strikingly the inefficiency of a-keto- 
glutarate as a trapping agent. Although the total Cy acid (including 
succinate) did not exceed 11 um, and although 250 um of a-ketoglutarate 
were present, the oxidation of at least 36 um of acetate resulted in the 
trapping of less than 0.002 uM in the keto acid, whereas succinate showed 
an equilibration with acetate at least 500 times greater. 

If a citric acid cycle of the conventional type is assumed, then it is 
necessary to suppose that intracellular equilibration with extracellular 
a-ketoglutarate is lower by at least three orders of magnitude than that for 
succinate or pyruvate. Alternatively, one may postulate that some Cs, 
compound other than a-ketoglutarate is the actual intermediate. A sim- 
pler explanation is that the primary condensation product is either succin- 
ate or a Cy, compound in equilibrium with it. 

Good correlations can be obtained in O2 uptake, acetate dilution, and C4 
content of succinate from the data of Table I, as well as in many other 
experiments, by making appropriate calculations, assuming that the basic 
mechanism of acetate oxidation involves a Knoop-Thunberg type of con- 
densation. However, a number of assumptions requiring separate justi- 
fication are hidden in this type of calculation. Among others, these are 
that (1) no acetate arises from endogenous metabolism, and (2) the only 
products of succinate or a-ketoglutarate metabolism are acetate, COs, and 
water. 

As far as assumption (1) is concerned, it was found that the cells ex- 
hibited an endogenous O:2 uptake of 500 uw1l., with formation of no acetate 
(<2 ym). Assumption (2) is in agreement with the observed R. Q. values 
for a-ketoglutarate and succinate metabolism (2), but direct evidence 
on this point is still required. 
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The recent observations by Novelli and Lipmann (14) support a con- 
densation involving citrate as a product. These workers have shown 
that cell-free extracts of E. colt (the same strain used in these studies), 
when incubated with acetate, oxalacetate, and adenosinetriphosphate, 
accomplish a net synthesis of citrate. This result is confirmed in our 
researches, in that cell-free extracts incubated with labeled acetate and an 
oxidizable substrate (e.g. succinate) yield appreciable quantities of labeled 
citrate, as well as succinate, pyruvate, and lactate. So far, the attempt 
to demonstrate in such extracts a direct formation of succinate from 
acetate by way of a Knoop-Thunberg condensation has been unsuccessful 
because of the variety of synthetic reactions encountered. 


We are indebted to Dr. Stanley L. Ranson for the chromatographic 
analyses and to Mr. Donald T. O. Wong who participated in a number of 
the experiments. 


SUMMARY 


1. Simultaneous oxidation by Escherichia coli (strain E-26) of labeled 
acetate and unlabeled succinate, pyruvate, a-ketoglutarate, fumarate, 
malate, and oxalacetate, singly or in combination, leads to incorporation 
of labeled carbon in all substrates with the exception of a-ketoglutarate. 
The isotopic distribution in the carrier and in evolved CO, demonstrates 
equilibration of methyl carbon of acetate with carbon of substrates, but 
not with carbon of a-ketoglutarate, during acetate oxidation. All sub- 
strates are metabolized; therefore uncertainties in interpretation arising 
from differential permeability appear excluded. 

2. A large endogenous reduction of all C,-dicarboxylic acids tested with 
formation of succinate is observed under aerobic conditions and even when 
oxidation is proceeding vigorously, as evidenced by O, uptake. 

3. Isotopic distribution in succinate and other dicarboxylic acids, as 
well as in pyruvate and evolved COz, reveals operation of a cyclic mechan- 
ism. 

4. Incubation of cell-free extracts with labeled acetate and unlabeled 
citric acid cycle intermediates results in incorporation of acetate carbon 
mainly in citrate, succinate, pyruvate, and lactate, but not in a-keto- 
glutarate. 

5. The data presented are evaluated on the basis of various mechanisms 
proposed for the mechanism of acetate oxidation. 
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The simultaneous oxidation of labeled acetate and various unlabeled 
compounds postulated as components in C, and Ce. metabolic cycles has 
been studied in previous researches with a strain of Escherichia coli which 
required adaptation to oxidize acetate rapidly (1). In this paper are de- 
scribed results obtained when the same experimental procedures were 
applied to a strain of Micrococcus lysodeikticus which oxidized acetate 
rapidly without requiring adaptation. 

Data obtained on the simultaneous oxidation of 2-C'-acetate and un- 
labeled a-ketoglutarate, succinate, fumarate, malate, and pyruvate, singly 
or in combination, are presented and compared with data obtained pre- 
viously with E. colt. 


Methods and Materials 


M. lysodetkticus was cultured and harvested as described by Krampitz 
and Werkman (2). Such cells were found to attack acetate readily. 

The same separation and distillation procedures were used as in the 
previous work (1), except in the case of a-ketoglutaric acid. Because 
this Cs, keto acid appeared to be involved in the oxidation of acetate, it 
was necessary to characterize adequately the C™ content of this com- 
pound. ‘This was done without isolation as follows: After acidification and 
removal of cells, steam distillation removed residual acetic acid. The 
residue was extracted for 72 hours with ether in the presence of bisulfite 
at pH 2 to 3. The water layer contained residual a-ketoglutaric acid free 
of any labeled succinate. This solution was boiled to remove SO2 and 
oxidized with acid permanganate to succinate and CO,. The carbonate 
was trapped in alkali; the succinate was extracted with ether, oxidized 
with a succinoxidase preparation irom beef heart, and degraded with 
acid permanganate in the usual manner. 

Experiments were also conducted with pyruvate and a-ketoglutarate 
added simultaneously as carriers. In order to separate the two keto 
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acids, advantage was taken of the fact that cell-free extracts of Aerobacter 
aerogenes metabolize 2 moles of pyruvate to acetylmethylcarbinol and 
2 moles of CO, under anaerobic conditions without attacking a-keto- 
glutarate. A. aerogenes juice was prepared by the method of Kalnitsky, 
Utter, and Werkman (3) with cell suspensions grown as described by 
Silverman and Werkman (4). 

In one aliquot of the water fraction containing both keto acids, residual 
keto acids were determined with ceric sulfate. Another aliquot was me- 
tabolized with A. aerogenes juice under an atmosphere of nitrogen. The 
CO, liberated in this vessel was trapped in alkali present in the center 
well. It was then precipitated as barium carbonate and its C™ content 
determined. To determine the amount of pyruvate present an identical 
flask was set up, except that no NaOH was present in the center well. 
As a check on the ceric sulfate oxidation, a third aliquot was oxidized 
with acid permanganate, and the total carbonate (CO. from pyruvate 
carboxyl and carboxyl adjacent to carbonyl carbon of a-ketoglutarate) 
was trapped in sodium hydroxide and converted to barium carbonate, 
in which form its C' content was determined. This value minus the one 
obtained with the A. aerogenes juice was assigned to a-ketoglutarate car- 
boxyl (adjacent to carbonyl). 

The residue from the above oxidation with permanganate contained 
acetic (from pyruvic) and succinic (from a-ketoglutaric) acids. This was 
steam-distilled and each fraction assayed for C™. The succinate was 
further oxidized with succinoxidase and degraded in the usual manner. 

As in the previous work (1), the basic experimental procedure followed 
was to dissimilate 2-C-acetate in the presence of various concentrations 
of one or more intermediates considered to be involved in the oxidative 
breakdown of the C2 acid. Respiration was measured in 30 ml. Warburg 
vessels. The rate of O2 uptake was determined at 30° with NaOH in the 
center well to absorb COs. 

In experiments with NaHCO; the following procedure was used. Un- 
labeled substrates were buffered with 0.2 Mm phosphate at pH 7.0, a small 
amount of NaHCO; containing 170,000 c.p.m. was added, and the mix- 
ture incubated for several hours. Residual carbonate was removed by 
acidification and aeration, absorbed in alkali, and determined as BaCQs. 
The reaction products were then separated and purified in the usual man- 
ner. 

The radioactivity assays were performed in the manner described pre- 
viously (1). All values given were checked by duplicate determinations. 
The errors assigned, based on agreement between duplicates, never ex- 
ceeded 5 per cent, unless otherwise noted. 
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EXPERIMENTAL 


Oxidation of 2-C'4-Acetate—The distribution of labeled carbon after 
oxidation of methyl-labeled acetate was much like that found when E. colt 
was used (1) and is shown in Table I. 

The experimental arrangement did not lend itself to quantitative recov- 
ery of the CO, evolved. Instead, an aliquot was collected and the total 
C4 in the CO:2 was calculated from the theoretical CO: evolution corre- 
sponding to the observed O, uptake (Table I, ‘‘CQO:. corrected’’). The 
value obtained was about 50 per cent of the total acetate carbon metab- 
olized. Assuming equal conversion of both carbon atoms to CQ:, the 


TABLE I 
Oxidation of 2-C'4-Acetate by M, lysodeikticus 


2 ml. of 20 per cent cell suspension (84.1 mg. dry weight), 1 ml. of phosphate 
buffer, pH 7.0, and H:20; total volume, 10 ml. 


Chemical data Total Cu | 
Fraction specific 
Initial | Final | Initial | Final | Initial | Final activity 
| | com | cpm | | | cpm. 
100.0, 41.6 114,000} 40,000 | 1140 960 1050 
0 67 0} 22,400 | 336 
COz (corrected)*............. 139 0} 46,500 | 336 
Non-volatile................. 14,700 | | 


Recovery data, total recovered, 113,200 e.p.m.; 100 X 113,200/114,000 = 99 
per cent. 
* See the text. 


specific activity would have been half of the average specific activity of 
acetate, or 525 c.p.m. per uM, but for the dilution contributed by en- 
dogenous CO,. From the calculated total of 3105 ul., the final specific 
activity derived was 336 c.p.m. per uM. If x wl. of CO. were associated 
with the oxidation of acetate, then from the simple isotope dilution ex- 
pression, viz. 525 (3105 — x)/3105 = 336, CO. evolution would be 1125 
ul. Hence, O. uptake for the endogenous oxidation would be 1125 ul. 
since the R. Q. = 1.0. 

Simultaneous Oxidation of 2-C'-Acetate and Unlabeled Components of 
Tricarboxrylic Acid Cycle—The similarities in C™ distribution during oxi- 
dation of labeled acetate by E. coli and M. lysodetkticus vanished when 
carrier amounts of unlabeled tricarboxylic acid components were oxidized 
simultaneously with acetate. Oxidations with M. lysodetkticus suspensions 
were performed in turn with a-ketoglutarate, succinate, fumarate, malate, 
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and pyruvate as added carriers. All results obtained showed similar C™ 
distribution patterns and are typified by those obtained with a-ketoglu- 
tarate as presented in Table II. 

First, it was noted that no appreciable isotopic dilution of acetate oc- 
curred. Hence, no significant amount of acetate or other diluent arose 
from metabolism of a-ketoglutarate or cell material. Similarly, little or 
no dilution of acetate occurred when all other substrates were used as 
carriers, with the exception of pyruvate which produced considerable 
amounts of acetate. 

The same C* distribution pattern was observed regardless of the nature 
of the carrier added. The C™ content of the non-volatile fractions ranged 
from 4800 to 9000 c.p.m. The evolved CO, exhibited the same relatively 


TaBLeE II 
Oxidation of 2-C'4-Acetate and Unlabeled a-Ketoglutarate 


Chemical data Total C'* Specific activity Average 
Fraction Specific 
Initial Final | Initial | Final Initial Final activety 
uM pM c.p.m. c.p.m. \c.p.m. per pM c.p.m. per pM | c.p.m. per uM 
100.0, 38.7|/114,000 48 ,600:1140 + 501250 + 1501140 + 150 
a-Ketoglutarate....... 150.0,131.0 0, 5,750; O 444+ 4° 22+ 2 
Q | 37 0 14,000 | 380 
COz (corrected)....... 0 (160 0 61,500 | 380 


* Recovery data, total recovered, 124,700 c.p.m.; 124,700/114,000 K 100 = 110 per 
cent. 


high C™ content despite added carrier. In the experiment with a-keto- 
glutarate carrier, the CO, evolved assayed 61,500 c.p.m. after correction 
as described previously. This corresponded to an average specific activ- 
ity of 380 ¢c.p.m. per um. Of the 160 um of COs evolved, only 123 um 
could have arisen from acetate. Hence, the dilution expected would have 
resulted in the average specific activity (1140/2) (123/160) = 440 c.p.m. 
per uM. This value was in satisfactory agreement with that observed. 

The characteristic recovery of the major fraction of acetate carbon in 
CO», found with all carriers added, contrasted markedly with the low 
recovery of C™ observed when C,-dicarboxylic acids were oxidized simul- 
taneously with labeled acetate by E. coli (1). 

Addition of the a-ketoglutarate resulted in formation of succinate and 
a small amount of C,-dicarboxylic acids in excess of those normally pres- 
ent with acetate alone. Yet, no additional entrapment of acetate carbon 
occurred either in the keto acid fraction or in the C,-dicarboxylic acids 
(Table II). This indicated little or no equilibration between extracellular 
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and intracellular material, except after the experiment was ended and the 
cells were killed. Again, this contrasted markedly with the behavior of 
E. coli (1) in which complete equilibration of all carriers, with the excep- 
tion of a-ketoglutarate, was noted. 

Another difference between the two organisms was the absence in M. 
lysodeikttcus of endogenous production of succinate from the more oxi- 
dized C,-dicarboxylic acids, a reaction found to occur in £. coli (1). In 
Table III, the metabolic patterns of the two organisms are compared 
qualitatively. 

One experiment was performed in which labeled acetate was oxidized 


TABLE III 
Qualitative Comparison of C'* Distribution and Metabolism of E. coli and M. lysodetk- 
ticus When Oxidizing 2-C'4-Acetate 


Function onditions E. coli M. lysodeikticus 
Isotopic dilution of | + Acetate and a-ketoglutarate | Small Small 
acetate 
+ C, acids Large 
C'™ content of evolved | + a-ketoglutarate Large 
+ “ acids Small 
C'* content of carrier + a-ketoglutarate Small 
+. “ C, acids Large 
Equilibration of extra- “ + a-ketoglutarate | Very in- | Very _ in- 
cellular carrier and complete! complete 
intracellular inter- C, acids Complete Very  in- 
mediates complete 
Endogenous production “+ carrier acids Consider- None 
of succinate during able 


aerobiosis 


simultaneously with all carriers added together. The results obtained 
were quantitatively identical with those presented in Table II for a single 
carrier such as a-ketoglutarate. The simu!taneous entrapment of ace- 
tate carbon in a-ketoglutarate and in pyruvate was also determined by 
ceric sulfate oxidation of the keto acid fraction to succinate and acetate. 
The total C™“ content of the keto acid fraction was 5500 ¢.p.m. Decar- 
boxylation gave acetate which after separation by steam distillation as- 
sayed 1110 c.p.m. The succinate remaining assayed 1680 c.p.m. The 
total CO:z collected contained 370 c.p.m. Hence the minimal activity 
attributable to keto acids was 3160 c.p.m., which was 57 per cent of the 
total C content in this fraction. This activity was divided between a- 
ketoglutarate and pyruvate in the ratio of 1.54:1. Assuming uniform 


C distribution in the keto acid molecules, the ratio would have been 
1.67: 1. 
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As an additional check, the pyruvate was enzymatically decarboxylated 
with A. aerogenes juice. The activities recovered in CO, and in acetate 
were 210 and 1300 c.p.m., respectively. The fraction containing C4-di- 
carboxylic acids was subjected to successive extractions with ether and 
retained 2300 c.p.m. From these data, it is reasonable to conclude that 
all carriers had trapped acetate carbon to the same extent. However, 
quantitative demonstration of this fact by appropriate degradation of all 
carriers was not feasible because of the small C™ content. 

Two additional kinds of experiment were required to establish the simul- 
taneous participation of a-ketoglutarate and C,-dicarboxylic acids during 
simultaneous oxidation of acetate. One involved the direct determination 
of isotopic carbon incorporated by CO, fixation. This was necessitated 
because of the presence of large quantities of carbonate of high specific 
activity arising during the oxidation of 2-C'-acetate. The other involved 
raising the C content of the carriers sufficiently to enable unambiguous 
determination of the C™ distribution in both a-ketoglutarate and one or 
another of the C,-dicarboxylic acids after oxidation of labeled acetate. 
Such experiments were performed and will be described in the following 
sections. 

Fixation of Carbonate during Oxidation of Acetate—Unlabeled acetate, 
a-ketoglutarate, and succinate were oxidized under conditions and in 
amounts (125 uo) identical with those used in the experiments described 
in the previous section, except that 170,000 c.p.m. as carbonate were 
included. This activity was contained in 12.5 um, which was a negligible 
quantity compared to the 470 um of CO: produced in the course of the 
oxidation. Thus, it was possible to compare directly maximal fixation in 
non-volatile fractions when only carbonate was labeled with the fixation 
when acetate was labeled in the methyl position. 

After oxidation of approximately 50 per cent of the acids present, the 
various fractions were prepared and examined for activity and total resid- 
ual acids. Practically all the original radioactivity (165,000 c.p.m.) was 
recovered in the carbonate. The cells showed only 880 c.p.m., as com- 
pared to the usual C™ content of 6000 to 15,000 c.p.m. found when ace- 
tate was labeled. The residual acetate assayed only 500 c.p.m. The non- 
volatile fraction was found to contain 2100 c.p.m. In comparable ex- 
periments with labeled acetate total C fixed in the non-volatile fraction 
assayed 8500 c.p.m. when the average C™ content of carbonate was ap- 
proximately 30,000 c.p.m. (Table II). Since the average C content of 
carbonate in this experiment with labeled carbonate was nearly 6 times 
as great, the contribution of labeled carbon, arising from labeled carbonate 
in the experiment shown in Table II, could have been at most only about 
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400 c.p.m. out of a total of 8500 c.p.m. found. Similar estimates were 
obtained for all of the experiments with various carriers oxidized simul- 
taneously with labeled acetate. 

Fixation of Acetate Carbon in Methene Carbons of a-Ketoglutarate, Mal- 
ate, and Succinate—In one experiment, 40 um of 2-C'*-acetate containing 
450,000 c.p.m. (specific activity 11,250 c.p.m. per uM) were oxidized in 
the presence of 125 um each of unlabeled a-ketoglutarate and malate. 
At the conclusion of the experiment there were left 58 um and 25 to 35 
uM of a-ketoglutarate and malate, respectively. Malate was estimated 
from the amount of acetaldehyde liberated by acid permanganate oxida- 
tion of the ether extract. No residual acetate (< 4 um) was found. The 
C4 content of the volatile fraction containing the traces of acetate assayed 
8400 c.p.m., which corresponded to only about 0.7 um, assuming no dilu- 
tion of acetate. This assumption appeared reasonable, because in the 
earlier experiments oxidation of the carrier acids had been shown not to 
involve dilution of acetate. 

The C" distribution found was as follows (in counts per minute): car- 
bonate 118,000, residual acetate 8400, cells 78,000, total non-volatile 
183,000, total recovered 387,400. Since the original acetate assayed 
450,000 c.p.m., the recovery of C'* was 86 per cent. The loss was mainly 
due to low COz recovery. 

The non-volatile residue was fractionated by ether extraction in the 
presence of bisulfite. The non-ether extractable fraction (mainly a-keto- 
glutarate and pyruvate) contained 114,000 c.p.m. After decarboxylation 
with ceric sulfate, the succinate remaining and corresponding to the C, 
skeleton of the original a-ketoglutarate contained 29,000 c.p.m. This 
material was treated with succinoxidase. An aliquot of the resultant 
supernatant, containing the malate and fumarate formed in this fraction 
and assaying 4700 c.p.m., was oxidized with acid permanganate and the 
acetaldehyde collected. The acetaldehyde was further degraded with 
alkaline hypoiodite to iodoform and formate. The C™ content of the 
idodoform was 1100 c.p.m. 

The ether-extractable fraction contained 69,000 c.p.m. An aliquot con- 
taining 25,000 c.p.m. was subjected to oxidation with acid permanganate. 
The resultant acetaldehyde was degraded in the usual fashion to iodo- 
form. The C" content of this iodoform was 1200 ¢c.p.m. Thus, the C' 
content of the iodoform arising from methene carbons of a-ketoglutarate 
on the one hand, and that from malate on the other, were nearly equal. 

The residual a-ketoglutarate was calculated to have a final specific ac- 
tivity of 5/4 & 29,000/58 = 625 c.p.m. per um. The corresponding value 
for residual malate was between 13,000/35 and 13,000/25, or 370 and 520 
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c.p.m. per uM. It appeared, therefore, that comparable amounts of ace- 
tate carbon were trapped and distributed throughout the a-ketoglutarate 
and malate molecules during simultaneous oxidation of acetate. 

In another experiment involving as carriers 125 um each of a-ketoglu- 
tarate and succinate, 78 um of 2-C*-acetate containing 190,000 c.p.m. 
were oxidized, 32 um of acetate remaining at the end of the run. Approxi- 
mately 60 um of succinate remained. This succinate was shown, by pro- 
cedures identical with those described above, to contain 18,800 c.p.m. 
This figure was based on the C" content of iodoform isolated after enzymic 
and oxidative degradation. ‘The data on recovery in other fractions were 
closely similar to those in the experiment described above involving 
a-ketoglutarate and malate as carriers. 


DISCUSSION 


In establishing the quantitative intervention of any particular meta- 
bolic cycle in the oxidation of a given labeled substrate, it is necessary 
to obtain complete data on the isotopic content and distribution in each 
intermediate postulated. This has not been attempted in the present 
research with M. lysodeikticus. The data presented indicate only that 
a-ketoglutarate appears to participate to the same extent as malate and 
succinate in the oxidation of acetate, in contrast with results obtained 
with EF. coli adapted to attack acetate (1). Extension of these studies to 
cis-aconitate, citrate, and oxalsuccinate are desirable. It is also apparent 
from these divergencies in the behavior of the two organisms studied and 
by comparison with similar studies in yeast (5) and Azotobacter agilis (6) 
that no generalizations regarding oxidation of acetate by microorganisms 
should be made on the basis of the study of any single microorganism. 

Rigorous elaboration of the cyclic mechanism in acetate oxidation by 
M. lysodetkticus will require study of the labeled intermediates formed 
without addition of carrier. Development of reliable microanalytical pro- 
cedures for the small quantities of intermediates encountered will be nec- 
essary. The best possibility at present seems to be the use of paper chro- 
matography in conjunction with isotopic techniques. 


SUMMARY 


1. The oxidation of 2-C'*-acetate by cell suspensions of Mucrococcus 
lysodeikticus was studied. 2-C'4-Acetate was oxidized simultaneously with 
unlabeled a-ketoglutarate and C,-dicarboxylic acids as carriers, singly or 
in combination. 

2. Acetate carbon was trapped to the same extent in all carriers added, 
thus showing that a-ketoglutarate and the C,-dicarboxylic acids partici- 

pated equally in the oxidation of acetate. 
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3. The contribution of reversible decarboxylation reactions was deter- 
mined in a control experiment with labeled carbonate and was shown to 
account for only a small fraction of the net isotopic content of the carrier 
material isolated. 

4. The data obtained are compared with those found in previous studies 
with Escherichia coli and shown to be diametrically opposed in regard to 
isotopic distribution and content of intermediates and products formed 
during oxidation of labeled acetate in the presence of other oxidizable 
substrates. 
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THE RATE OF TRANSFER OF PHOSPHORUS ACROSS THE 
RED BLOOD CELL MEMBRANE 


By C. BARBER MUELLER* anv A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, September 18, 1950) 


Hahn and Hevesy studied the rate of penetration of ions into erythro- 
cytes, with particular reference to phosphate ions, under varying experi- 
mental conditions, and noted that phosphate penetrated the cells about 
100 times more slowly than did the chloride ion (1, 2). Hevesy and Aten 
(3) followed the uptake of radioactive phosphorus by rabbit blood equili- 
brated in vitro and found that after 1 hour 26 per cent of the added P® had 
left the plasma and was incorporated into the compounds of the red blood 
cells. They noted that at a temperature of 6° the amount of P* lost from 
the plasma was only 3 per cent. Halpern (4) in a series of determinations 
on blood from adult patients found that the serum inorganic phosphorus 
was consistently higher than the cellular inorganic phosphorus when cal- 
culated on a water basis. She also made observations on the exchange 
of inorganic phosphorus between serum and cells by increasing the serum 
phosphorus levels, and concluded that phosphorus transfer is due to meta- 
bolic work and is not a process of simple diffusion. Eisenman et al. (5), 
using radioactive phosphorus added as the solid salt, NaH.PO,, found 
that phosphorus was incorporated into the cellular fractions fairly rapidly 
at 38°. However, they added from 1 to 20 times as much phosphorus as 
was initially present in the plasma. Solomon et al. (6) studied the dis- 
tribution of inorganic phosphate ions in human blood and concluded that 
the distributions were not predictable from the Gibbs-Donnan law. Rapo- 
port and Guest (7) have made extensive studies of the phosphorus fractions 
of cells and plasma and have observed the marked effect which pH changes 
have upon the synthesis or hydrolysis of cellular phosphorus compounds 
with the resultant effect of these changes upon plasma phosphorus levels. 
The distribution of the acid-soluble phosphorus of blood into various or- 
ganic compounds and the distribution of the inorganic phosphate ions be- 
tween plasma and the red blood cell has been thoroughly reviewed by Guest 
and Rapoport (8). 

The aim of this paper is to present measurements of the rate at which 
plasma phosphorus moves into the human red blood cell, the influence of 
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glucose metabolism upon phosphorus exchange, and to present further 
data on the distribution of inorganic phosphorus between plasma and the 
red blood cells. 


Methods 


To an equilibrating flask of 200 ml. capacity was added 0.2 to 0.6 ml. 
of K,zHPO, containing 0.02 to 0.07 mg. of phosphorus, including radioactive 
phosphorus (P*?) of between 0.2 and 0.01 we. The flask was then filled 
with a gas mixture, either 5 per cent CO, and 95 per cent Os: or 5 per cent 
CO, and 95 per cent N2 after which 60 to 65 ml. of heparinized blood from 
healthy young men were added. When experimental conditions were al- 
tered by the addition of metabolic inhibitors, glucose or insulin, these 
substances were added prior to the introduction of the gas mixture. The 
flask was slowly rotated at 37.5° for 3 hours, and aliquots were removed at 
various intervals in such a fashion that the gas phase remained constant. 
On each aliquot of whole blood, the per cent of cells, the CO, content, and 
the concentration of radioactive phosphorus were determined. A tri- 
chloroacetic acid filtrate of whole blood was made. Another portion of the 
aliquot was centrifuged under oil to obtain plasma for pH and P® deter- 
minations and a trichloroacetic acid filtrate of plasma was made. On the 
trichloroacetic acid filtrates, inorganic phosphorus was determined by the 
Fiske-Subbarow method (9). Radioactivity was measured by pipetting 
1 ml. of either plasma or whole blood into small aluminum cups, which were 
then dried at 110° and ashed in a muffle furnace at 575°. The radioactivity 
in these cups was counted by a Geiger-Miiller counter and the results 
expressed as counts per minute per ml. of plasma or whole blood. Plasma 
pH was determined colorimetrically by the method of Hastings and Send- 
roy (10) and whole blood CO, was determined in the Van Slyke manometric 
apparatus. By means of the plasma pH and hematocrit, plasma CO, was 
derived by the nomogram of Van Slyke and Sendroy (11). 


Results and Comment 


Rate of Phosphorus Transfer from Plasma to Red Blood Cell—Analyses of 
the plasma radioactivity during incubation showed a progressive fall in 
counts per minute; at 3 hours only about 30 per cent of the added P® re- 
mained in the plasma. During incubation under 5 per cent CO2 and 95 
per cent O, the plasma phosphorus rose and the pH showed a slight pro- 
gressive decline. These changes were less marked or absent under 5 per 
cent CO, and 95 per cent Ne. The progressive change in counts per minute 
is an indication of the rate at which plasma phosphorus entered the cells 
and was replaced by cellular inorganic phosphorus which entered the 
plasma. During the initial moments, when the cellular phosphorus con- 
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tained a negligible quantity of radioactivity, the fall in counts per minute 
in the plasma was directly proportional to the amount of phosphorus which 
had been incorporated into the red cells. During the later phases of the 
experiment, this is valid only if corrections are made for the radioactivity 
contained in the phosphorus which comes out of the cells. We have de- 
termined the specific activity of the cellular inorganic phosphorus and cor- 
rected the plasma radioactivity for the P® returning from the cells in some 
of our experiments under 5 per cent CO2 and 95 per cent Os. 

The following symbols have been used in calculations involved in the 
interpretation of our data. 


16 800 L. PHOS 


741.2 600 Cr 


73 08 400 PH 


pH 
MM/L. P 


72 0.4 200 


lo 40 190 

Fig. 1. Graph of plasma phosphorus, plasma counts per minute per ml., and 
plasma pH of whole blood incubated at 37.5° for 3 hours under 5 per cent CO: and 
95 per cent On. 


Co = counts per manele per ml. of plasma at zero time 

= time in minutes 
K = velocity constant 

= plasma phosphorus expressed in mo per liter of plasma 

= micromoles of P tennaierred per minute from plasma into a liter of cells 
p'= a liter of red cells into plasma 


The data of a typical experiment are presented in Fig. 1. Similar data 
were obtained in seven other experiments under similar conditions of equili- 
bration with a gas phase of 5 per cent CO: and 95 per cent QO». 

Calculation of rate changes during equilibration of the blood was made 
by using the following formulas. ‘There were no observable changes in the 
hematocrit during the period of equilibration. 
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2.3 Co 
K= X log (1) 
p’ = KP X 1000 (2) 
P; — P»)1000 
p’ t 0) (3) 


t 


Cy and C; were taken as any two consecutive values of counts per minute 
and the resulting value of K is the average value during that period. The 


TABLE I 
Rate of Phosphorus Transfer from Plasma to Red Blood Cells 
P (10 min.)'P (40 min.)|C (10 min.)\C 40min.) kx 102 |p” 
muper | mc pert. per mi ‘oer min. | erin 
5% CO2 + 95% Oz 1.37 1.37 9,715 | 7701 7.66 10.20 ; 10.20 
5% “* + 95% “ 1.03 1.01 700 541 8.85 9.11 8.69 
5% “* + 95% “ 0.88 0.94 474 386 6.88 6.30 8.25 
+ 95% “ 1.14 | 1.14 | 10,966| 9612 | 7.47 8.23 | 8.23 
5% “ + 95% “ 1.42 1.52 336 272 6.63 10.15 |} 13.22 
5% + 95% “ 1.50 1.55 223 206 5.42 9.77 | 13.82 
5% “ + 95% “ 1.41 1.49 421 309 6.45 10.21 | 11.90 
5% “ + 95% “ 1.37 1.43 360 335 4.57 6.40 6.81 
5% “ + 95% “ 1.57 1.80 510 481 4.98 7.86 7.86 
5% “ + 95% “ 1.47 1.47 | 10,000} 8168 5.06 8.88 8.88 
200 mg. % glucose 
5% CO2z + 95% Oz, 1.13 1.22 1,669 | 1395 5.95 7.68 | 10.76 
insulin 5 units 
5% CO2 + 95% Ne 1.20 1.17 9,332 | 7774 6.06 6.97 5.99 
5% + 95% “ 1.09 1.09 787 665 5.08 6.37 6.37 
5% “~ + 95% “ 1.42 1.38 9,580 | 7298 7.65 10.73 | 10.26 
insulin 5 units 


* Corrected to Vc = 50. 


values for P in Formula 2 were taken as the average value during the period 
between any two consecutive determinations of plasma phosphorus. The 
_ value of p’ thus derived represents the average ingoing rate during the 
period. 

Formula 3 is used to determine egress of phosphorus from the cell. Po 
and P, are two consecutive determinations of plasma phosphorus. The 
change per minute is calculated and added to p’ to obtain the outgoing rate 
of p”. 

Table I gives values for p’ and p” during the first 30 minute period of 
incubation. These values are taken from all the experiments in which in- 
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cubation was carried out under 5 per cent CO2 and 95 per cent O, or 5 per 
cent CO, and 95 per cent Nz. The addition of glucose or insulin had no 
measurable effect on the phosphorus exchange during the incubation 
period used. 

The changes in p’ and p” as a function of time are presented in Fig. 2. 
These data are from the same experiment as that presented in Fig. 1. It 
suggests that the egress of phosphorus from the cells to the plasma is in- 
creased during the incubation period, while the ingress from plasma to 
cells remains fairly constant. This tendency was seen in all of the other 
experiments conducted under similar conditions. 


+ 15 
= i3 
4 
8 
7.4 
H 
2: 
— }72 
MINUTES 


Fig. 2. Graph showing changing transfer rates from plasma to cells (p’) and 


cells to plasma (p”) during the course of incubation under 5 per cent CO; and 95 
per cent Oz. 


Direct Measurements of Rate of Phosphorus Transfer from Red Blood Cells 
to Plasma—In two experiments with P®, blood was incubated for 2 hours, 
after which the plasma was removed and fresh plasma added to the now 
radioactive cells. Equilibration was then continued and the plasma ana- 
lyzed after 15, 40, and 70 minutes as described above. This permitted a 
direct determination of the rate of transfer of cellular phosphorus into the 
plasma. Table II presents the data from one of these experiments. Dur- 
ing the period of 70 minutes incubation following the changing of the 
plasma, slightly less than 10 per cent of the cellular radioactivity returned 
to the plasma. From data presented in Table I, the average rate of egress 
of phosphorus from the cell is 9.4 um per minute per liter. The average 
total cellular phosphorus has been found to be 15.03 mm per liter (12). 
Thus, about 3.0 per cent of the cellular phosphorus leaves the red blood 
cell each hour. The fact that these two experiments show a greater per- 
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centage of radioactive phosphorus leaving the cells than we might expect 
from such calculations may be interpreted as showing that in 127 minutes 
of incubation the P® was not distributed evenly throughout all of the 
cellular components and was to be found in the more labile phosphate 
fractions. 

Influence of Glucose Metabolism upon Phosphorus Transfer—Studies by 
Halpern have indicated that the uptake of phosphorus by the red blood 
cell is a result of metabolic work and is not due to simple diffusion. Values 
for p’ and p” during the incubation of blood in the presence of sodium 
cyanide, sodium fluoride, or sodium iodoacetate are listed in Table III. 

Plasma and cellular phosphate exchange during incubation of blood with 


TABLE II 
Rate of Phosphorus Transfer from Red Blood Cells to Plasma 


Experimental conditions Time Plasma P | Plasma P#2| k X 1078 p’ 2” 
. p.m. 
5% COz2 + 95% Ov 12 1.58 481 
5.38 9.10 11.15 
Change plasma at 127 127 1.80 259 
min. 
142 1.62 31 
—8.44 14.06 17.16 
167 40 
—7.38 | 12.95 16.05 
197 1.80 50 


sodium cyanide did not differ significantly from the exchange observed with 
normal blood. This is expected, since the red cell has chiefly an anaerobic 
glycolytic mechanism. During the incubation with fluoride, however, the 
plasma radioactivity decreased in the usual fashion, but the plasma phos- 
phorus rose to almost double its initial level, and cell analyses showed a 
decrease in the amount of adenosinetriphosphate and of diphosphoglyceric 
acid within the cells (12). 

During incubation in the presence of sodium iodoacetate, the plasma 
phosphorus rose to levels 200 to 250 per cent higher than the original 
plasma levels and the plasma radioactivity fell for about 1 hour, after 
which it became constant (Fig. 3). Analysis of the glucose in the plasma 
showed that it fell at a fairly normal rate for about 1 hour, after which it 
remained constant (Fig. 4). Analyses of cell phosphate showed a decrease 
in the amount of adenosinetriphosphate and diphosphoglyceric acid frac- 
tions, which were most marked after 1 hour (12), It thus appears to have 
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taken about 1 hour for inhibition of the glycolytic mechanism to become 
complete. Fig. 5 shows the results obtained when P* is added at the end 


TABLE III 
Influence of Glucose Metabolism on Phosphorus Transfer 
Experimental conditions Time Plasma P | Plasma P#2| k X 107? >’ 2” 
5% CO2 + 95% Oz 10 0.88 474 | 
6.88 6.30 , 8.25 
40 0.94 386 | 
6.42 6.26 | 8.45 
70 1.00 318 | 
5.60 | 6.45 | 11.21 
130 1.28 227 | 
5.22 7.55 | 12.58 
190 1.58 166 | 
5% COz + 95% Oo + 10 1.07 1740 | 
0.002 m NaCN 7.60 8.55 | 11.10 
40 1.16 1386 
7.20 8.64 10.32 
70 1.21 1115 
5.20 7.48 | 14.56 
130 1.62 815 
4.76 8.32 | 11.47 
190 1.81 612 
5% COz2 + 95% Os + 10 0.74 1249 | 
0.015 m NaF 8.57 | 8.83 13.9 
40 0.92 964 
4.15 5.09 | 12.67 
70 1.10 850 
4.96 7.60 12.30 
130 1.33 631 | 
1.60 2.86 8.70 
190 1.62 575 
5% CO: + 95% O. + 10 - 0.76 1530 | | 
0.02 m sodium iodo- | | 4.36 | 4.00 
acetate 40 0.76 1342 | | 
4.22 4.44 9.17 
70 0.98 1185 
130 1.60 1150 
| 190 2.06 1111 


of 1 hour’s incubation with iodoacetate. The plasma radioactivity falls 
for about 1 hour and then becomes fairly level. 

We have interpreted this to mean that the constant level of radioactivity 
obtained at the end of the 1st hour represents an equilibrium state between 
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Fig. 3. Graph of plasma changes during incubation under 5 per cent COs and 


95 per cent Oz in the presence of 0.02 m sodium iodoacetate. 
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Fic. 4. Graph showing changes in plasma glucose during incubation under vary- 


ing conditions. 


the morganic phosphate of cells and plasma, rather than the complete 


cessation of uptake of plasma phosphorus by the cells. 


The plasma phos- 


phorus continues to rise, which also indicates that the cells are permeable 


to the egress of phosphorus. 


a. 
= 2 the 
25 
20 the 
ble 
(H 
a cel 
0.01 M N 
pe 
T 
a 
p 
d 
XUM 


C. B. MUELLER AND A. B. HASTINGS 877 


Incubation of blood at 3° confirmed the work of Hevesy and Aten that 
the uptake of P®? by the cells is almost completely inhibited, and that 
approximately 95 to 98 per cent of the plasma radioactivity remained 
in the plasma after 3 hours. 

Distribution of HPO. and HPO between Cells and Plasma—Knowing 
the plasma pH, the hematocrit, and the inorganic phosphorus of whole 
blood and of plasma, we have calculated the distribution ratios of 
(HPO,")./(HPO,.-), and (H2PO,-)./(H2PO.-),. The values of the intra- 
cellular pH have been assumed to be 0.2 pH unit below that of the plasma. 


a 
IODOACETATE 
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2.0 
74 15 
73 LO 1000}. PH 
@---~.@ 
- 
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Fic. 5. Graph of plasma changes during incubation under 5 per cent CO: and 95 
per cent O2 in the presence of 0.02 m sodium iodoacetate. The radioactive phos- 
phorus (P%?) was added 60 minutes after incubation began. 


The value of pK» for H3PO,4 was 6.7 (13), and the water content of plasma 
and red blood cells was assumed to be 940 and 730 gm. per liter respec- 
tively. Values of (HPQO,7)., (HPO."),, (H2PO;-)., and (H2PO;-), ex- 
pressed as mm per kilo of HO have been calculated from our data for 61 
different plasma and whole blood analyses. The distribution of the values 
for and is shown in the accom- 
panying histograms. 

It is evident from Fig. 6 that the fraction which is measured as inorganic 
phosphate is not distributed across the red cell membrane as are diffusible 
anions such as Cl- and HCO;-. The dotted lines represent the approxi- 
mate theoretical values of R for a freely diffusible monovalent anion such 
as Cl. However, the much greater conformity of the ~/ 
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values than of the (H2PO.-)./(H2PO.-), values to the expected R suggest 
that the HPO; rather than the H2PO,- is the ion species exchanged. 

Martland (14) has shown that below pH 7.3 to 7.35 hydrolysis of cellular 
organic phosphates tends to occur. We have noted that as the plasma 
pH drops toward 7.30 or 7.25 during incubation the plasma phosphorus 
gradually increases, and that during incubation with 5 per cent CO: and 
95 per cent Ne, when the plasma pH remains at 7.40, there is no increase 
in plasma phosphorus. 


uJ uJ 
oO 
a za 
alo 
: 
5- 57 
ct ni | 
46 8 46 101214 16 18202224 
Re Re (HePO4-)c 
(HP04")s (H2P04-)s 


Fic. 6. The distribution of calculated values of & for the inorganic phosphate 


fractions of plasma and red blood cells. The dotted lines represent the approx- 
imate theoretical values of R. 


SUMMARY 


1. Samples of plasma from human whole blood containing P® and in- 
cubated 7n vitro for 3 hours have been analyzed for plasma phosphorus and 
P22, The rate of transfer of phosphorus from the plasma to the cells has 
been calculated and found to average 8.49 um of phosphorus per minute per 
liter of plasma during the initial phase of incubation. 

2. The influence of glucose metabolism upon the rate of transfer of 
plasma phosphorus has been noted, and evidence presented to show that 
phosphorus crosses the red cell membrane by a process of slow diffusion. 

3. Analyses of plasma and cellular inorganic phosphate ions have shown 
wide variations from distribution ratios which might be predicted by the 
Gibbs-Donnan law. 


We are indebted to Dr. A. K. Solomon and Miss J. B. Becker of the 
Laboratory of Biophysics for advice and help in the determination of the 
radioactivity of our samples, and to Mr. Lloyd Merryfield for assistance 
in the compilation and analysis of our data. 
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GLYCOLYSIS AND PHOSPHATE FRACTIONS OF RED 
BLOOD CELLS 


By C. BARBER MUELLER* anp A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, September 18, 1950) 


Rapoport and Guest (1) have studied the phosphorus fractions of the 
red blood cells and the réle that acidity plays in the synthesis or hydrolysis 
of the various organic compounds. They have demonstrated the rdéle of 
glucose metabolism in the maintenance of the diphosphoglycerate and 
adenosinetriphosphate fractions of blood. Hahn and Hevesy (2) have 
studied the incorporation of plasma phosphorus into the organic compounds 
of the red blood cell by the use of radioactive isotopes of phosphorus, and 
Hevesy and Aten (3) have reported that the 100 minute-hydrolyzable 
fraction contained 80 to 100 per cent of the cell P® after 1 hour of incuba- 
tion. By the use of radioactive hexose monophosphate added to plasma, 
they concluded that glucose did not penetrate the red blood cell as glucose 
phosphate. 

In this study we have attempted to follow the changes in the various 
acid-soluble phosphorus fractions of whole blood during incubation in vitro 
of whole blood under controlled CO, tensions and, by the use of radioactive 
phosphorus, to follow the incorporation of plasma phosphorus into the 
various cellular fractions. 

The technique of equilibration and the analytical methods described in 
the preceding paper were employed. In addition to the cell inorganic 
phosphorus, the 7 minute-hydrolyzable phosphorus, the 100 minute-hydro- 
lyzable phosphorus, and the total acid-soluble phosphorus were determined 
by the method of Fiske and Subbarow (4). 

The results of the analyses are presented as four fractions: Inorganic P 
(1), the phosphorus fraction largely derived from ATP, released after 7 
minutes hydrolysis in 1 nN H2SQO, (II), the phosphorus fraction largely 
derived from adenylic acid and the hexose phosphates released after 100 
minutes hydrolysis (111), and the phosphorus fraction largely derived from 
diphosphoglyceric acid, determined by the total acid-soluble phosphorus, 
less the other fractions (IV). 

In some experiments, in addition to determining phosphorus by color- 
imetric methods in the various hydrolysis steps, the solutions were made 


* Present address, Department of Surgery, Washington University School of 
Medicine, St. Louis, Missouri. 
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alkaline with NH,OH, and MgCl. was added to precipitate the inorganic 
phosphorus as MgNH,PO,. The precipitate was then dissolved in 0.1 
N HCl, transferred to small aluminum cups, dried, and the radioactivity 
determined by means of a Geiger-Miiller counter. By the same method 
of differences that was employed for the phosphate fractions, it is possible 
to determine the amount of radioactivity in each phosphorus fraction. 


Results and Comment 


Results of analyses of human whole blood from twelve different individ- 
uals are presented in Table I. 

Incubation with 6 Per Cent CO, and 95 Per Cent O.—During incubation of 
whole blood with 5 per cent CO:z and 95 per cent O for 3 hours after the 
addition of P® to the plasma, several changes were noted. The P® left 
the plasma and was incorporated into the organic phosphorus compounds 


TABLE 
Average Normal Values of Acid-Soluble Phosphorus of Blood 
The results are expressed in mM per liter. 


Cell phosphate fractions 
Plasma inorganic P Easil Difficultl 
Inorganic y A Non-hydrolyzable 
(i hydrelymble (IV) 
1.13 0.89 2.70 1.35 10.59 


of the cells, the pH of the plasma shifted slightly toward the acid side, the 
plasma inorganic phosphorus and the cellular inorganic phosphorus in- 
creased in amounts, while the non-hydrolyzable fraction of the cells de- 
creased. Table II shows these changes for two representative experi- 
ments. 

The total amount of cell phosphorus decreased during this time, owing 
to the decomposition of the diphosphoglyceric acid fraction and the forma- 
tion of inorganic phosphate. Rapoport and Guest have previously shown 
that this occurs in acidified blood. 

The uptake of radioactive phosphorus by the various cell phosphate 
fractions is shown in Fig. 1. Here the radioactivity is represented as the 
specific activity of the various fractions. The specific activity is defined 
as the number of counts per mg. of phosphorus. 

Hevesy and Aten found that in rabbit blood the easily hydrolyzable 
fraction took up radioactivity faster than the inorganic fraction, and 
postulated that the formation of easily hydrolyzable compounds proceeded 
at a faster rate than the transfer of phosphorus from the inorganic fraction 
of the plasma to the inorganic fraction of the cells. 


} 
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TABLE II 
Phosphate Analysis of Whole Blood Incubated under 5 Per Cent CO, and 95 Per 
Cent O2 
Plasma analysis Cell phosphate fractions 
Time Easily Difficultly Non-hy- 
Inorganic | hydrolyzabl lyzabl lyzabl 
pH Inorganic P e e e 
10 972 7.37 1.37 0.91 2.63 1.46 10.38 
70 645 7.34 1.41 0.97 2.64 1.40 10.37 
130 439 7.30 1.52 0.96 2.78 1.54 9.94 
190 350 7.30 1.69 1.04 2.86 1.78 9.35 
10 1097 7.35 1.14 1.07 3.00 0.83 10.61 
70 800 7.36 1.14 1.08 2.88 0.91 10.52 
130 536 7.33 1.26 1.02 2.32 0.66 11.45 
190 382 1.72 1.42 2.72 0.80 10.00 


8 


ACTIMITY 
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10 70 190 
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Fig. 1. Graph showing the specific activities of the various cell phosphate frac- 
tions during incubation under 5 per cent CO: and 95 per cent Oz. 


Incubation under 5 Per Cent CO. and 95 Per Cent N:—When blood is 
incubated under 5 per cent CO, and 95 per cent No, the curve of the de- 
crease pf radioactive phosphorus in plasma is similar to that observed under 
5 per cent CO, and 95 per cent Oo. However, the pH of the plasma remains 
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around 7.4 for the duration of the experiment. There was no significant 
rise in plasma phosphorus, and in one instance there was a slight drop of 
about 0.1 mm per liter. There were no significant changes in the phos- 
phorus fractions within the cells. 

Incubation at 3° under 5 Per Cent CO, and 95 Per Cent O.—Two experi- 
ments were performed in which blood was incubated for 3 hours at 3°. 
Only 5 per cent of the radioactivity was observed to have left the plasma 
during this time, and most of this loss occurred during the Ist hour of 
equilibration. The P® was added before the blood was chilled, and it is 


TaBLeE III 
Phosphate Analysis of Whole Blood Incubated after Addition of Insulin or Glucose 
Plasma analysis Cell phosphate fractions 
Experimental conditions Time Easily Diffi- Non- 
pat | | | | | 
min. | ¢.p.m. mu perl! Tels | | Lees | 
5% CO2 + 95% Or 876 | 7.35 | 1.47} 0.89 | 2.72; 1.73 | 12.58 
+ 120 mg. % glucose 70, 687 | 7.28; 1.48 | 1.12] 3.02 | 1.63 | 12.14 
130 ; 492 | 7.27) 1.57] 1.22] 2.86; 1.58 | 12.14 
190 | 443 | 7.28; 1.69 1.28] 2.88} 1.33 | 12.14 
5% CO2 + 95% O2 + 5! 19) 1667 | 7.28) 1.13 0.85 | 2.76} 1.01 | 10.52 
units insulin 70 | 1174 | 7.26; 1.26} 1.19 2.40; 1.11 | 10.26 
130 | 863 | 7.25); 1.61 1.47 | 2.79; 0.62 {| 9.72 
190 | 629° 7.21 1.91 1.64 | 2.70} 1.05 | 8.79 
5% CO. + 95% Ne +5! 10, 818 |} 7.42; 1.42) 0.94] 2.58! 1.43 | 10.38 
units insulin 70 | 564 | 7.42 1.29; 0.65; 2.70 1.68 | 10.40 
130 | 389; 7.39, 1.18 0.77); 2.49; 1.72 | 10.61 
190 7.382, 1.138 0.77; 2.54) 1.80) 10.49 


probable that what small transfer did occur happened prior to the time 
the blood reached a temperature of 3°. This is in keeping with the find- 
ings of Hahn and Hevesy and of Halpern (5). 

Incubation with Added Insulin and Giucose—The addition of glucose to 
a final plasma con-entration of 6.5 mm per liter prior to incubation did 
not alter the distribution of phosphorus in the various fractions or alter 
the rate of uptake of radioactive phosphorus from that which was observed 
in the control experiments, nor did the addition of 5 units of insulin to 
blood, incubated either with oxygen or nitrogen, cause any significant 
change in cell phosphorus fractions. The results of the experiments are 
presented in Table III. 

Incubation with 0.002 m NaCN—Three experiments were performed on 
blood to which NaCN was added to a final concentration of 0.002 m. There 
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was no significant difference from the controls in the rate of disappearance 
of P® from the plasma. We did not analyze the cellular fractions for 
specific activities, but did observe that all the fractions stayed constant in 
amount for 2 hours, after which the easily hydrolyzable fraction decreased 
somewhat, with increase in the serum and cell inorganic phosphate frac- 
tions. Hahn and Hevesy have stated that the addition of 1.0 mg. of KCN 
per ml. of whole blood was sufficient to inhibit phosphorylations so that 
the P® remained only in the inorganic fractions in their experiments. Since 
the various fractions remained normal in amount and the uptake of P® 
from the plasma followed a curve similar to that of the normal controls, 
phosphorylation was probably occurring at a normal rate at the cyanide 


TaBLe IV 
Phosphate Analysis of Blood Incubated after Addition of Sodium Cyanide 
Plasma analysis Cell phosphate fractions 
Experimental conditions Time Easily Non- 
nic zable za 
min. | ¢.p.m. mu perl.) Tats | | | 
5% COz2 + 95% O2 + 10 | 1740 | 7.39 1.07 0.96 2.96 1.36 8.35 
0.002 m NaCN 70 | 1115 | 7.32 1.21 1.28 2.79 1.21 8.22 
130 815 | 7.26 1.61 1.09 2.71 1.20 8.08 
190 612 | 7.20 1.81 1.49 1.97 1.49 8.00 
5% CO2 + 95% Neo + 10 | 1525 | 7.38 1.17 0.75 2.39 0.74 | 10.68 
0.002 m NaCN 70 937 | 7.37 1.15 0.92 2.37 0.63 | 10.70 
130. =588 | 7.338; 1.05) 2.25, 0.96 | 10.38 
190 579 | 7.30 1.17 1.15 2.33 1.16 9.97 


concentration used in the present experiments. The results are presented 
in Table IV. 

Incubation with 0.01 m NaF—F¥our experiments were performed by 
NaF to blood to a final concentration of 0.01 Mm. The P® left the plasma 
at a normal rate during incubation. The easily hydrolyzable phosphorus 
fell to one-third of its original value by the end of the Ist hour, and there 
was a concomitant increase in the difficultly hydrolyzable fraction. As 
incubation proceeded, the plasma and cell inorganic phosphate increased 
at the expense of the difficultly hydrolyzable fraction. ‘There was no loss 
of phosphorus from the diphosphoglycerate fraction. The results of two 
of these experiments are shown in Table V. 

Hahn and Hevesy concluded that fluoride did not inhibit phosphoryla- 
tion in the red blood cell. We find that phosphorylations are occurring, 
but at a slower rate in some fractions. It is apparent that the adenosine- 
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triphosphate fraction (II) is losing phosphorus more rapidly than adeno- 
sinediphosphate can be rephosphorylated. Rapoport and Guest have 
reported that diphosphoglycerate increases in blood incubated with NaF 
and pyruvate. | 
Incubation with 0.02 m Sodium Iodoacetate—F our experiments were per- 
formed in which iodoacetate was added to blood to give a final concentra- 
tion of 0.02 m. The P® was observed to leave the plasma for the 1st hour, 
and then the plasma counts remained constant. After the 1st hour the 
plasma phosphorus level rose sharply. Analyses of the cell fractions 
showed a decrease in the easily hydrolyzable fraction and a marked decrease 


TABLE V 
Phosphate Analysis of Blood Incubated after Addition of Sodium Fluoride 
Experimental conditions, 5 per cent COz + 95 per cent O2 + 0.01 m NaF. 


Plasma analysis Cell phosphate fractions 
Time Easily Difficult! Non-hydro- 
H Inorganic Inorganic | le 1 le 
10 1250 7.32 0.79 0.88 2.95 1.95 10.78 
70 850 7.32 1.10 1.15 1.20 3.22 10.78 
130 631 7.28 1.34 1.29 0.90 3.01 10.58 
190 575 7a 1.62 1.29 1.50 2.01 10.58 
10 2406 7.42 0.91 0.73 | 2.56 1.54 9.43 
70 1722 7.42 1.12 | 0.94 | 0.78 2.62 9.68 
130 1235 7.42 | 1.45 | 0.96 | 1.04 1.72 9.95 
190 987 7.42 2.03 | 0.96 | 0.88 1.24 9.95 
i 


in the diphosphoglycerate fraction. The cell inorganic fraction increased. 
The results of two experiments are shown in Table VI. 

From the rate of disappearance of P® from the plasma, it is impossible 
to tell whether equilibrium has been reached between the plasma and cell 
inorganic phosphorus, or whether the plasma phosphorus has ceased to 
enter the cell. In two experiments, the P® was added at the end of the 
Ist hour. Again the P® counts fell for an hour and then became fairly 
constant. This would indicate that the inorganic phosphorus of the cells 
is in equilibrium with that of the plasma and that P*® is diffusing into the 
red cells in the absence of metabolic work. Iodoacetic acid is known to 
inhibit the linked reaction which dehydrogenates diphosphoglyceric alde- 
hyde and provides energy for the reformation of adenosinetriphosphate 
from adenosinediphosphate and inorganic phosphorus. Since no diphos- 
phoglyceric acid was being formed under the influence of iodoacetate 
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inhibition, its concentration in the cells decreased. This had been observed 
by Rapoport and Guest. 

Determinations of Plasma Glucose during Incubation—In four experi- 
ments, plasma glucose levels were followed during incubation of whole 
blood under conditions identical to those which had been used in the phos- 
phorus studies. Glucose was determined by the method of Folin (6). 

It was found that plasma glucose diminished at a rate of 0.66 mm per 
liter per hour (12 mg. per cent). This was also observed by McKee et 
al. (7) who found a fall of 0.8 mm per liter per hour in monkey blood in- 
cubated under similar conditions. They accounted “— glucose which 


TABLE VI 
Phosphate Analysis of Blood Incubated after Addition of Sodium Iodoacetate 


Experimental conditions, 5 per cent CO: + 95 per cent O2 + 0.02 m sodium iodo- 
acetate. 


Plasma analysis Cell phosphate fractions 
Time Easil Difficultly | Non-hyd 
Inorganic Inorganic ve 4 

H | 1 

min | ebm | amet | | | 
10 620 7.33 1.17 1.21 2.67 1.04 11.82 
70 465 7.29 1.39 1.78 1.61 1.36 11.55 
130 460 7.27 2.10 2.02 0.88 1.71 10.62 
190 461 7.25 2.70 2.10 0.93 1.38 9.97 
10 1530 7.26 0.76 1.05 1.97 1.07 | 10.52 
70 1185 7.23 | _ 0.98 1.44 1.31 1.37 | 10.16 
130 1150 7.20 1.60 1.57 0.99 1.68 | 9.14 
190 1111 7.18 2.60 1.88 0.82 1.23 | 8.84 


disappeared almost quantitatively as lactate. We have shown that an 
analysis of phosphorus transfer rates indicated that about 0.6 mm per 
liter per hour was transferred fromthe plasma to the red cells. 


SUMMARY 


1. Samples of whole blood were incubated in vitro for 3 hours under 
known COQ, tensions and the various phosphate fractions of the cells and 
plasma were determined at intervals. 

2. The cellular phosphate fractions of normal blood have been found 
to remain fairly constant during equilibration unless a progressive increase 
in acidity occurs, following which there is an increase in the cell and plasma 


inorganic phosphorus and a decrease in‘ the cell diphosphoglycerate frac- 
tion. 
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3. After inhibiting the glycolytic mechanisms with potassium cyanide, 
or adding glucose or insulin, there was no alteration in the cellular phosphate 
fractions. 

4. After inhibition with sodium fluoride, the plasma inorganic phosphate 
rose sharply, while the quantity of ATP phosphorus in the cell decreased. 

5. After inhibition with sodium iodoacetate, the cell and plasma in- 
organic phosphate increased at the expense of the cell ATP and diphos- 
phoglycerate fractions. Studies utilizing radioactive phosphorus indicate 
that phosphorylations are completely inhibited. 
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SYNTHESIS OF NICOTINAMIDE MONONUCLEOTIDE BY 
HUMAN ERYTHROCYTES IN VITRO* 


By IRWIN G. LEDERt anp PHILIP HANDLER 


(From the Department of Biochemistry and Nutrition, Duke University School of 
Medicine, Durham, North Carolina) 


(Received for publication, November 27, 1950) 


Previous reports have described the synthesis of pyridine nucleotides 
from added nicotinic acid by human erythrocytes in vitro (2, 3). This 
synthesis, both zn vivo and in vitro, was demonstrated with nicotinic acid 
but not when its amide was employed (4, 5). In none of these studies 
was the synthesized material properly identified except as material which 
could serve as factor V for Hemophilus parainfluenzae, as determined tur- 
bidimetrically (6), or for Hemophilus influenzae, as determined by nitrate 
reduction (4), or simply by the cellular incorporation of C"*-labeled nico- 
tinic acid (7). Each of the laboratories expressed the amount of material 
synthesized as diphosphopyridine nucleotide (DPN) and in no case was 
the amount synthesized in vitro any greater than that already present in 
normal cells. The present report describes the synthesis of pyridine nu- 
cleotides from nicotinamide by erythrocytes in vitro, in amounts as much 
as 10 times the normal pyridine nucleotide concentration, and the identi- 


fication of the synthesized material as nicotinamide mononucleotide 
(NMN). 


EXPERIMENTAL 


General Procedure—Human venous blood was drawn and heparinized or 
defibrinated with glass beads. The cells were washed four times at 3° 
with 4 volumes of Ringer-phosphate, pH 7.2, containing 250 mg. per cent 
glucose, and made up to a hematocrit of about 50 per cent in this medium. 
To each ml. of cell suspension taken for incubation, 0.1 ml. of a 22 per 
cent nicotinamide solution was added to give a final concentration of 2 
per cent nicotinamide. The cell suspensions were incubated at 37° with 
only occasional shaking except when indicated. Sterile technique was 
employed throughout and, in several cases, the sterility of incubated blood 


* These studies were supported by a grant-in-aid, RG-91, from the Division of 
Research Grants and Fellowships, National Institutes of Health, by the Nutrition 
Foundation, Inc., and the Duke University Research Council. A preliminary report 
of this work was presented before the American Society of Biological Chemists (1). 

1 The data herein were taken, in part, from a dissertation submitted by Mr. Irwin 
G. Leder to the Graduate School of Duke University in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy. 
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was checked by plating out on blood agar. A mixture of penicillin (20 
units per ml.) and streptomycin (40 units per ml.) may be employed to 
inhibit bacterial growth without affecting nucleotide synthesis. After 
incubation, 5 per cent trichloroacetic acid filtrates were prepared or the 
cells were hemolyzed in water at 80° as described by Axelrod and Elveh- 
jem (8). In all cases final hematocrits were taken and the results are 
reported as micromoles of pyridine nucleotide per ml. of packed erythro- 
cytes. Except when indicated, pyridine nucleotides were determined by 
the fluorometric procedure developed in these laboratores (9). 

In the earliest experiments of the present study it was assumed that, as 


TABLE I 
Synthesis of Pyridine Nucleotides from Nicotinamide 
To 2 ml. aliquots of a suspension of washed erythrocytes in Ringer-phosphate 
containing 250 mg. per cent glucose, hematocrit 50 per cent, were added 0.2 ml. of 
suitable saline solutions of nicotinamide and neutralized nicotinic acid to give final 
concentrations as indicated. After 24 hours of incubation at 37°, total pyridine 
nucleotides were analyzed fluorometrically. 


ubstrate 
Total pyridine nucleotides 
Nicotinamide Nicotinic acid 
mg. per ml. : mg. per ml. pM per ml. cells 
0 0 0.10 
0.5 0 0.23 
0.5 0.5 0.25 
1.0 0 0.29 
1.0 0.5 0.31 
20.0 0 0.93 
20.0 0.5 0.91 


had been found previously, nicotinic acid was the proper substrate. Con- 
sequently, these experiments were performed as described above, except 
that nicotinic acid, rather than its amide, was employed in a final con- 
centration of 1 mg. per ml. of cell suspension. This resulted in a rela- 
tively low order of synthesis, the apparent pyridine nucleotide content of 
the red cells increasing from a normal level of about 0.1 um to 0.13 or 0.15 
uM. Since it seemed possible that there might occur an extensive turn- 
over of intracellular nucleotides, mediated by the known diphosphopyri- 
dine nucleotidase (DPNase) of red cells (10), it was decided to repeat 
these experiments in the presence of 2 per cent nicotinamide, as the latter 
serves as an effective inhibitor of this DPNase (11, 12). As shown in 
Table I, this resulted in an 8- to 10-fold increment in apparent pyridine 
nucleotide as determined by the fluorometric procedure. It was then es- 
tablished that similar synthesis occurred when nicotinic acid was removed 
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from the medium. However, this did not eliminate the possibility that, 
in the presence of this large concentration of commercial nicotinamide,' 
there was present a small amount of actual nicotinic acid. This has not 
been rigorously disproved but seems unlikely in view of the failure of nic- 
otinic acid to enhance the effect of nicotinamide when the latter was em- 
ployed at relatively low concentrations. 

As shown in Fig. 1 A, synthesis proceeded at a rather constant rate for 
about 16 hours and maximum values were obtained within 20 hours. To 
determine the relationship between nicotinamide concentration and the 
rate of synthesis, a series of runs was made at varying nicotinamide con- 


yp moles / mi. R.B.C. 


PYRIDINE NUCLEOTIDES 
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4 


HOURS 
NICOTINAMIDE 
Fic. 1. A, rate of synthesis of pyridine nucleotides by erythrocytes under opti- 
mum conditions; B, influence of nicotinamide concentration on pyridine nucleotide 


synthesis by erythrocytes. 


centrations with all tubes incubated for 20 hours. The results are shown 
in Fig. 1, B. Maximum synthesis was obtained at about 2 per cent nic- 
otinamide. At appreciably higher concentrations synthesis did not occur 
and extensive hemolysis was observed. 

Indentification of Nicotinamide Mononucleotide—The acetone condensa- 
tion reaction of Huff and Perlzweig (13), which forms the basis of the 
fluorometric procedure for pyridine nucleotides employed in these studies, 
is specific for quaternary pyridine derivatives of nicotinamide. Of the 
derivatives of nicotinamide which are known to occur physiologically, the 
following fulfil the specificity requirements for this assay: N'-methylnico- 
tinamide (MN), nicotinamide riboside (NR), NMN, DPN, and triphos- 
phopyridine nucleotide (TPN). Unlike MN, the compound produced by 


1 Merck and Company, Inc., Rahway, New Jersey. 
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the erythrocytes was not freely permeable; it was absent from the sus- 
pending medium and could not be removed from the cells by repeated 
washing with saline. Moreover, the unknown material was active in some 
of the biologic test systems to be described below, in all of which MN is 
completely inactive. When the unknown nucleotide was assayed mic- 
robiologically by employing H. parainfluenzae (ATCC 9796), as described 
by Kohn (6), or by means of the yeast apozymase system, according to 
the procedure of Axelrod and Elvehjem (8), excellent agreement with the 
results of fluorometric analysis was obtained, as shown in Table II. In 
the yeast assay a short delay in the onset of active fermentation was some- 
times observed when compared with flasks containing DPN prepared from 
yeast, but this delay was often absent. Of the compounds listed above, 
NR, DPN, and TPN are known to be active in the Hemophilus assay, 
but, of these, only DPN can function as the cofactor in apozymase fer- 


TABLE II 
Analysis of Pyridine Nucleotides Synthesized in Vitro 


Experiment No. Analytical method Total pyridine nucleotide 


pM per ml, cells 


0.81 
Yeast apozymase assay.................. 0.87 


mentation. NMN has never been tested in the Hemophilus assay. Sam- 
ples of NMN were prepared from DPN by means of potato pyrophos- 
phatase? and were tested in the standard apozymase assay with no attempt 
made to study the effect of varying the concentration of other cofactors. 
Under these conditions, NMN exhibited very little activity for approxi- 
mately 30 minutes and continued to increase in activity during the next 
60 minutes, at which time it was as active as an equimolar amount of 
DPN. 

NR was further eliminated by demonstrating that the synthesized nu- 
cleotide was rapidly split by DPNase liberated from erythrocytes upon 
hemolysis (3) or that prepared from rat or rabbit brain according to Hand- 
ler and Klein (12), as these authors have shown that this enzyme does not 
split NR (14). 0.5 ml. of washed erythrocytes which had previously been 
incubated with 2 per cent nicotinamide was hemolyzed in 10 ml. of water 
in each of four tubes as follows: The first tube contained no additions; the 
second and fourth contained approximately half the number of moles of 
DPN;; the third and fourth contained 1 ml. of rat brain DPNase. The 


2 Kindly supplied by Dr. Arthur Kornberg. 
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rapid splitting of the unknown nucleotide and added DPN by both sources 
of DPNase is illustrated in Fig. 2. In a similar experiment performed 
with DPNase from rabbit brain less than 0.02 um of pyridine nucloetide 
per ml. of erythrocytes, of an initial value of 0.78 um, remained after an 
incubation period of 3 hours. 


© 
oO 


PYRIDINE NUCLEOTIDES-p moles / ml. Hemolysote 


30 60 90 120 150 180 
MINUTES 

Fig. 2. The destruction of pyridine nucleotides by DPNase prepared from human 
erythrocyte and rat brain. 3 ml. of previously incubated erythrocytes, containing 
1.5 um of pyridine nucleotide per ml., were washed with saline to remove excess nico- 
tinamide and brought to a hematocrit of 40 per cent. 1 ml. of this cell suspension 
was added to each of four tubes corresponding to each of the four curves. The cells 
were hemolyzed with water in a total volume of 10 ml. containing the following ad- 
ditions: (1) none, (2) 0.35 um of DPN, (3) 1 ml. of rat brain DPNase, (4) 0.35 un of 
DPN plus 1 ml. of rat brain DPNase. The tubes were incubated at 37° and samples 
were withdrawn at intervals for fluorometric analysis. , 


The data presented in Table II and the rapid destruction of the syn- 
thesized nucleotide by brain DPNase indicate that little or no NR ac- 
cumulated under these conditions. While the possibility exists that NR 
may have been formed as a transitory intermediate, these results are in 
general agreement with the suggestion that the physiological synthesis of 
nucleotides need not necessarily entail a two-step process of nucleoside 
synthesis with subsequent phosphorylation (15). It is hoped that the 
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question may be resolved by studies of nucleotide synthesis by hemoly- 
sates now in progress. However, the maximum rate of NMN synthesis 
obtained to date is of the order of one-third of that routinely seen in in- 
tact red cells as reported herein. 

The ability of the material from incubated cells to serve as TPN was 
ascertained by inclusion in a proper medium containing isocitrate® and an 
active preparation of isocitric dehydrogenase obtained by acetone frac- 
tionation of pig heart (16). As judged by absorption at 340 mu, the syn- 
thesized nucleotide was devoid of TPN activity. 

The evidence adduced to this point indicated that the unknown sub- 
stance might indeed be DPN. This raised the question of the source of 
the adenine portion of the molecule. Human erythrocytes contain an 
average of about 1 um of free adenine nucleotide per ml. of packed cells 
(17), most of which is adenosinetriphosphate (ATP) (18). This amount 
of adenine corresponds closely with that which would be required to pro- 
duce the maximum amount of pyridine nucleotide, as DPN, synthesized 
in our experiments. If such were the case, it would be expected that, 
after incubation with nicotinamide, the ATP content of these cells should 
be markedly reduced. A trichloroacetic acid filtrate of properly incu- 
bated cells was then examined for the 7 minute, acid-hydrolyzable phos- 
phorus of ATP and adenosinediphosphate (ADP) by a modification of the 
method of Sacks (19). About half the ATP-ADP was still present after 
incubation with nicotinamide and the values found did not differ signi- 
ficantly from those found in cells incubated in the absence of nicotinamide. 
This did not appear compatible with the possibility of DPN synthesis 
under these conditions. That the synthesized nucleotide was not DPN 
was definitely established by incubating the material with crystalline al- 
cohol dehydrogenase prepared from bakers’ yeast according to Racker 
(20) and estimating DPN spectrophotometrically as described by Korn- 
berg (21). The amount of DPN found in this manner accounted for only 
a small fraction of the apparent pyridine nucleotide synthesized from ni- 
cotinamide. 

Of the derivatives of nicotinamide listed above, all had been eliminated 
except NMN. It remained to establish the identity of NMN by some 
direct evidence. This was accomplished by demonstrating that the un- 
known nucleotide was active as substrate for the enzyme described by 
Kornberg (21), which forms DPN from ATP and NMN with the splitting 
out of pyrophosphate. A given volume of incubated blood was added to 
half the volume of water previously heated to 85° and a filtrate prepared 
by heating in a water bath at 80° for 5 minutes and homogenizing the mix- 
ture with a Potter apparatus. The mixture was centrifuged and the su- 


3 Kindly supplied by Dr. H. B. Vickery. 
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pernatant taken for analysis. The enzyme preparation employed was 
either a simple extract of hog liver acetone powder prepared by grinding 1 
gm. of acetone powder with 5 ml. of 0.1 m disodium phosphate in a glass 
mortar, or was partially purified by ammonium sulfate fractionation (21). 
The glycylglycine‘ and ATP® employed were commercial preparations. 
ATP, obtained as the free acid, was found to keep well when stored in a 
desiccator at room temperature. Treatment of the ATP with an ion ex- 
change resin, as described by Polis and Meyerhof (22), was sometimes em- 
ployed, but satisfactory results were obtained without pretreatment. The 
increase in DPN content, as determined by alcohol dehydrogenase assay 
following incubation in this enzyme system, was taken as a measure of the 


TaBLeE III 
Fluorometric and Enzymatic Determination of Synthesized Pyridine Nucleotides 


Filtrates were prepared from incubated cells by hemolyzing in water at 80° as 
described in the text. All values have been corrected for the normal nucleotide con- 
tent of erythrocytes. DPN represents the increment originally present in the fil- 
trate as determined spectrophotometrically with alcohol dehydrogenase. The 
DPN measured after incubation with ATP and the Kornberg enzyme (21) is taken 
to represent DPN + NMN in the original filtrate. NMWN values are calculated by 
difference. The data are expressed as micromoles of nucleotides per ml. of eryth- 
rocytes. 


Fluorometric DPN NMN + DPN NMN 
(1) (2) (3) (3)—(2) 
0.78 0.06 0.68 0.62 
1.0 0.20 0.91 0.71 
0.92 0.14 0.85 0.71 
0.92 0.23 0.85 0.62 
0.64 0.15 0.59 0.44 


NMN initially present in the blood filtrate. Sufficient filtrate was taken 
for analysis so that optical density increments of the order of 0.1 to 0.2 
uM were obtained. The results shown in Table III indicated that nearly 
all of the fluorometrically determined pyridine nucleotide could be identi- 
fied as NMN plus DPN. Between 75 and 95 per cent of the increment 
of pyridine nucleotides determined enzymatically, as described above, may 
be accounted for as NMN and the remainder as DPN. Less than 10 per 
cent of the fluorometrically determined nucleotide remained unaccounted 
for. In the procedure for fluorometric acetone condensation, NMN pro- 
duces as much fluorescence as DPN on a molar basis. 

It will be recalled that, although NMN stimulated apozythase fermenta- 
tion only after an extended incubation period, this delay was absent or 


4 Nutritional Biochemicals Corporation, Cleveland, Ohio. 
5 Schwarz Laboratories, Inc., New York. 
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very short when filtrates of erythrocytes, which had been previously in- 
cubated with 2 per cent nicotinamide, were tested in this assay, although 
most of the pyridine nucleotides contained in this filtrate were NMN. 
That the DPN-free NMN did ultimately cause active fermentation would 
indicate that the apozymase used in these studies (23) contained the en- 
zyme which synthesizes DPN from NMN and ATP. The absence of 
ATP, which would account for the extended induction period, was not 
an important factor when blood filtrates were analyzed, since sufficient 
DPN was present to cause immediate fermentation which would, in turn, 
provide ATP for further DPN synthesis. This is in agreement with the 


TaBLeE IV 
Effects of Washing, Phosphate, and Plasma on Pyridine Nucleotide Synthesis 
1 ml. of erythrocytes, prepared as described in the text, was added to each of 
seven incubation vessels. The tabulated additions were made and all suspensions 
brought to 2 per cent nicotinamide and 250 mg. per cent glucose. After incubation 
for 20 hours at 37°, total pyridine nucleotides were determined fluorometrically. 


Additions 
E i Total idi 
Treatment 
Plasma | Shosphate | phosphate 

mi, ml. ml, uM per mi. cells 

Unwashed cells 1 1.0 0.0 0.0 0.18 

2 0.85 0.0 0.15 0.33 

3 0.0 1.0 0.0 0.39 

Ringer-phosphate-washed 4 1.0 0.0 0.0 0.37 

cells 5 0.85 0.0 0.15 1.0 
6 0.0 1.0 0.0 0.97 
Saline-washed cells 7 0.0 1.0 | G.U 0.88 


report of Meyerhof and Kaplan (24), which appeared while this paper 
was in preparation. The data presented by these authors indicate that 
NMN is at least as active as DPN in catalyzing fermentation by washed 
brewers’ yeast in the presence of ATP and a limiting concentration of 
DPN. 

Conditions Necessary for NMN Synthesis—The failure of previous work- 
ers to obtain results comparable with those reported here may be attrib- 
uted to two factors. In order to obtain maximum synthesis, the cells 
must be washed prior to incubation and must be incubated in a medium 
containing inorganic phosphate in excess of that found in plasma. This is 
illustrated in Table IV. Defibrinated blood was centrifuged at 2000 
r.p.m. for 15 minutes at 3° and the plasma removed and saved. Half the 
volume of packed cells was withdrawn and stored at 3°, while a small por- 
tion was washed with saline and the remainder with Ringer-phosphate 
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solution in the usual manner. Finally, the washed cells were centrifuged 
and the supernatant solutions removed. The cells were incubated with 
gentle rocking with additions as illustrated in Table IV. In addition all 
solutions were made 2 per cent with respect to nicotinamide and 250 mg. 
per cent with respect to glucose. Cells suspended in plasma were incu- 
bated under 5 per cent CO,-95 per cent O2 and those containing phosphate 
buffer under pure oxygen. Although the presence of a glycolytic inhibi- 
tor in plasma has been demonstrated in studies on red cell hemolysates 
(25), it can be seen that the effectiveness of the washing operation does 
not seem to lie in the removal of some inhibitor associated with the plasma. 
The addition of the original plasma to washed cells did not inhibit the syn- 
thesis of NMN. Nor did the washing operation materially alter the rate 
of glucose utilization. The rate of disappearance of glucose, determined 
by the method of Somogyi as modified by Nelson (26), was the same for 
washed and unwashed cells suspended in Ringer-phosphate medium. The 
progressive effect of the washing operation was demonstrated by washing 
defibrinated blood in the usual manner, except that after each washing 
2 ml. of cell suspension were removed and all such bloods incubated simul- 
taneously in the presence of 2 per cent nicotinamide. The resulting syn- 
thesis, as micromoles of pyridine nucleotide per ml. of erythrocytes, was 
as follows: no washing 0.12, one washing 0.22, two washings 0.83, three 
washings 1.1, five washings 1.2, seven washings 1.1, eleven washings 0.9. 
Thus, the maximum effect was achieved with approximately the third and 
fourth washings. 

As noted previously, the nature of the pyridine nucleotide synthesized 
in limited amount from nicotinic acid was never properly established. In 
the present study, nicotinamide, rather than free acid, was the effective 
substrate. While this is in keeping with what might be expected from 
the structures of DPN and NMN, nevertheless, there is, as yet, no ex- 
planation for the original observations which have been repeatedly con- 
firmed. 

Synthesis did not proceed in the absence of glucose and was inhibited 
by the usual glycolytic inhibitors. Fluoride, at 0.01 and 0.005 M, arse- 
nate at 0.04 mM, and iodoacetate at 0.001 and 0.0003 m completely pre- 
vented nucleotide synthesis. The last, however, reacts non-enzymatically 
at 37° to produce a compound which responds to the acetone condensation 
procedure for quaternary nicotinamide derivatives. This compound was 
probably nicotinamide-N'!-carboxymethy] iodide. Dinitrophenol at 2 X 
10 and 7 X 10-5 nm did not inhibit pyridine nucleotide synthesis under 
our experimental conditions. 

Although methylene blue has been observed to accelerate the utilization 
of glucose (27, 28) and reduction of methemoglobin (29) by erythrocytes, 
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it is of interest that the rate of nucleotide synthesis was not changed by 
the addition of 0.005 per cent methylene blue. 

The incubation of washed erythrocytes with 2 per cent nicotinamide 
snvariably resulted in the appearance of a dark chromogen, while the chro- 
mogen developed to only a slight extent when the cells were not washed. 
The chromogen exhibited the absorption spectrum of methemoglobin and 
bound cyanide, with the characteristic shift in the absorption band. It 
cannot be stated with certainty whether the chromogen is methemoglobin 
or some unidentified nicotinamide hemochromogen. 

It was thought of interest to determine whether the cozymase content 
of yeast cells could be increased by incubating them under the conditions 
employed in these studies with erythrocytes. Pressed bakers’ yeast was 
washed three times with Ringer-phosphate buffer, pH 7.2, containing 200 
ang. per cent glucose, made up in an equal volume of that medium, and 
incubated for 24 hours in the presence of 2 per cent nicotinamide. A 1- 
to 2-fold increment in pyridine nucleotides fluorometrically determined 
resulted from a base value of 0.66 um (0.60 to 0.77) per ml. of packed cells 
to 1.7 um (1.2 to 2.3). It is felt that optimum conditions were not em- 
ployed in these brief studies and that suitable adjustments of the experi- 
mental conditions might make this procedure of value as a form of pre- 
treatment in the preparation of DPN. A similar synthesis by brewers’ 
and bakers’ yeast under different experimental conditions has been re- 
ported by Lennerstrand (30). 


SUMMARY 


The incubation of human erythrocytes washed with isotonic saline or 
Ringer’s solution in a medium containing inorganic phosphate, glucose, 
and 2 per cent nicotinamide resulted in an 8- to 10-fold increment in 
cellular pyridine nucleotides of which 75 to 90 per cent was identified as 
nicotinamide mononucleotide and the remainder as DPN. Optimum syn- 
thesis occurred only if the cells were washed free of an inhibitor which 
was not associated with the plasma. 

Nicotinamide mononucleotide, in the presence of limiting quantites of 
DPN, served as a growth factor for Hemophilus parainfiuenzae and sup- 
ported the fermentation of washed brewers’ yeast. 

Synthesis did not occur in the presence of glycolytic inhibitors and was 
unaffected by dinitrophenol or catalytic quantities of methylene blue. 

The incubation of washed bakers’ yeast in Ringer-phosphate medium 
containing glucose and 2 per cent nicotinamide resulted in a 1- to 2-fold 
increment in apparent pyridine nucleotides. 
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Dehydrogenase: Isocitric. 
dehydrogenase 

Diaphragm: Phosphate metabolism, Hau- 
gaard, Marsh, and Stadie, 59 

Diethylstilbestrol: Glucuronide, urine, 
determination, Teague and Brown, 


See Isocitric 


343 
Urine, determination, Teague and 
Brown, 343 


Diphosphopyridine nucleotide: Isocitric 
dehydrogenase, yeast, Kornberg and 


Pricer, 123 
Reduced, oxidation, peas, Mathews, 
695 


-Requiring enzyme, nicotinamide ef- 
fect, Feigelson, Williams, and Elve- 
hjem, 361 

Distribution : Solvent, fractionation pro- 
cedure, Kies and Davis, 637 


Egg: White, protein, blood serum, Mar- 
shall and Deutsch, 1 


335 
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Egg—continued: 
White, protein, egg yolk, Marshall and 
Deutsch, 1 
Yolk, egg white proteins, Marshall and 
Deutsch, 1 
Enzyme(s): Adenylic acid synthesis, 
Caputto, 801 
Amino acid resolution, Doherty and 
Popenoe, 447 


Aspartic acid decarboxylation to a- 
alanine, use, Meister, Sober, and 


Tice, 577 
— — determination, use, Meister, 
Sober, and Tce, 591 


Co-. See Coenzyme 

Coenzyme A assay, use, Handschu- 
macher, Mueller, and Strong, 335 

Diphosphopyridine nucleotide-requir- 
ing, nicotinamide effect, Feigelson, 
Williams, and Elvehjem, 361 

Glutamic acid determination, use, 


Meister, Sober, and Tice, 591 — 


Homogentisic acid conversion to 4- 
fumarylacetoacetic acid, Ravdin and 


Crandall, 137 
Liver, system, nicotinamide methyla- 
tion, Cantont, 203 


Steroid hormone esters, blood serum, 
hydrolysis, Bischoff, Yee, Moran, and 
Katherman, 729 

Tissue, fat deficiency, effect, Kunkel 
and Williams, 755 

See also Acetylase, Adenosinekinase, 
etc. 

Ergosterol: Synthesis, Neurospora, iso- 
topic acetate and isovalerate use, 
Ottke, Tatum, Zabin, and Bloch, 

429 

Erythein: Apo-. See Apoerythein 

Erythrocyte(s): See Blood cell, red 

Escherichia coli: Acetate oxidation, 


mechanism, Ajl and Kamen, 845 
Amino acid-deficient mutants, growth, 
Umbarger and Mueller, 277 
— — —, —, keto acids, relation, Um- 
barger and Magasantk, 287 
Formate fixation in pyruvate, Strecker, 
815 

Isoleucine metabolism, Umbarger and 
Mueller, 277 
Umbarger and Magasantk, 287 


Escherichia coli—continued: 
Protein synthesis, effect, Melchior, 


Klioze, and Klotz, 411 
Valine metabolism, Umbarger and 
Mueller, 277 
Umbarger and Magasanik, 287 


Etiocholanol-178-one-3: Metabolism in 
vivo, Ungar, Dorfman, and Prins, 


11 

F 
Fat(s): Deficiency, tissue enzymes, ef- 
fect, Kunkel and Williams, 755 
Fatty acid(s): Free, absorption, intes- 
tine, Reiser and Bryson, 87 
Radioactive, synthesis in vitro, Brady 
and Gurin, 371 


Transport, lymphatic, phospholipide 
réle, Bloom, Chatkoff, Reinhardt, and 


Dauben, 261 
Folic acid: Conjugase, cysteine effect, 
Hill and Scott, 651 
Methionine metabolism, effect, Din- 
ning, Keith, and Day, 515 
Formate: Fixation in pyruvate, Esche- 
richia coli, Strecker, 815 
Fructose: Glucose conversion to, alkali 
use, Topper and Stetten, 191 


Fumarylacetoacetic acid: 4-, homogen- 
tisic acid conversion to, enzymatic, 


Ravdin and Crandall, 137 

G 
Gentisic acid: Blood serum, determina- 
tion, Gerald and Kagan, 467 
Gluconokinase: Glucose-6-phosphate 
oxidation, relation, Cohen, 617 


Glucose: Fructose and mannose conver- 
sion from, alkali use, Topper and 


Stetten, 191 
Glucose-6-phosphate: Oxidation, gluco- 
nokinase relation, Cohen, 617 


Glutamic acid: Determination, enzy- 
matic decarboxylation, Metster, So- 
ber, and Tice, 591 

Ornithine conversion to, tn vivo, mech- 
anism, Stetten, 499 
Tissue glutamine, effect, Tigerman and 
MacVicar, 793 

Glutamine: Tissue, ammonia adminis- 
tration effect, Tigerman and Mac- 
Vicar, 793 


= 
| 
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Glutamine—continued: 
Tissue, glutamic acid administration 
effect, Tigerman and MacVicar, 
793 
—, glutamine administration effect, 
Tigerman and MacVicar, 793 
—,— effect, Tigerman and MacVicar, 


793 
Glycerate-2,3-diphosphatase: Rapoport 
and Luebering, 683 


Glyceride(s): Tri-. See Triglyceride 
Glycogen: Liver, C',C'3-labeled n-va- 
lerate conversion to, Siegel and 
Lorber, 571 
Glycolysis: Blood cell, red, phosphate 
fractions, relation, Mueller and Hast- 
ings, 881 
Growth: Cysteine thioether derivatives, 
effect, Armstrong and Lewis, 461 
Homocysteine thioether derivatives, 
effect, Armstrong and Lewis, 461 


H 
Heart: Lecithin, purification, chroma- 


tographic, and serologic studies, 
Rice and Osler, 115 
Hexonic acid(s): Keto-. See Keto- 


hexonic acid 
Hippuric acid: Synthesis, coenzyme A 
requirement, Chantrenne, 227 
Homocysteine: Thioether derivatives, 
growth, effect, Armstrong and Lewis, 
461 
Homogentisic acid: 4-Fumarylacetoace- 
tic acid conversion from, enzymatic, 
Ravdin and Crandall, 137 


I 
Imidazo-1,2,3-triazine(s): Purines, re- 
lationship, Woolley and Shaw, 401 


Insulin: Muscle, combination, Stadie, 
Haugaard, and Marsh, 53 
Intestine: Fatty acids, free, absorption, 
Reiser and Bryson, 87 
Triglycerides, absorption, Reiser and 
Bryson, 87 
Isocitric dehydrogenase: Diphospho- 


pyridine nucleotide, yeast, Kornberg 


and Pricer, 123 
Triphosphopyridine nucleotide, yeast, 
Kornberg and Pricer, 123 


INDEX 


Isoleucine : Metabolism, Escherichia coli, 
Umbarger and Mueller, 277 
Umbarger and Magasantk, 287 

Isovalerate: Isotopic, ergosterol synthe- 
sis, Neurospora use, Ottke, Tatum, 
Zabin, and Bloch, 429 


K 


Keto acid(s): Escherichia coli amino 
acid-deficient mutants, growth, rela- 
tion, Umbarger and Magasantk, 

287 

Ketohexonic acid(s): 2-, determination, 
Lanning and Cohen, 109 

Kidney: Sulfur amino acids, acetyla- 
tion, Gutmann and Wood, 473 

Krebs cycle: Virus propagation, rela- 
tion, Ackermann, 421 


L 


Lactone: Panto-. See Pantolactone 
Lead: Bone, deposition, MacDonald, 
Ezmirlian, Spain, and McArthur, 

387 
Lecithin: Heart, purification, chroma- 
tographic, and serologic studies, 
Rice and Osler, | 115 
Lipide(s): Phospho-. See Phospho- 
lipide 
Liver: "Enzyme system, nicotinamide 
methylation, Cantont, 203 
Glycogen, C'*,C'3-labeled n-valerate 
conversion to, Siegel and Lorber, 
3 571 
Metabolism, anterior pituitary ex- 
tract, relation, Campbell and David- 


son, 35 
Regenerating, arginase, adenosine- 
pyrophosphatase, and _ rhodanese, 
Rosenthal, Rogers, Vars, and Fer- 
guson, 831 
Sulfur amino acids, acetylation, Gut- 
mann and Wood, 473 
Lizard(s): Nitrogen excretion, Khalil, 
443 
Lymphatic(s): Fatty acid transport, 


phospholipide réle, Bloom, Chatkoff, 
Reinhardt, and Dauben, 261 
Lysine: a-Acetyl-. See Acetyllysine 
a-Hydrogen atom metabolism, Clark 
and Rittenberg, §21 
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Lysine—continued: 
Polypeptides, tobacco mosaic virus, 
effect, Stahmann, Graf, Patterson, 
Walker, and Watson, 45 


M 


Magnesium: Body fluids, determina- 
tion, micro-, Orange and I[thein, 


379 
Mannose: Glucose conversion to, alkali 
use, Topper and Stetten, 191 


Methionine: Metabolism, folic acid ef- 
fect, Dinning, Keith, and Day, 


515 

Transmethylation, Cantont, 745 
Methyl-1,4-naphthoquinone: 2-, detoxi- 
fication, Richert, 763 


Micrococcus lysodeikticus: Acetate oxi- 
dation, mechanism, Ajl, Kamen, 
Ranson, and Wong, 859 

Microorganism(s): Growth, pantolac- 
tone phosphate effect, King, Neat, 
and Strong, 307 

Mold: See also Neurospora | 

Mononucleotide: Nicotinamide. See 
Nicotinamide mononucleotide 

Mosaic: Tobacco, virus, lysine poly- 
peptides, effect, Stahmann, Graf, 
Patterson, Walker, and Watson, 


45 

—, —, tobacco plant, multiplication, 

Meneghini and Delwiche, 177 

Muscle: Insulin, combination, Séadie, 
Haugaard, and Marsh, 

See also Diaphragm ; 

N 
Naphthoquinone: Methyl-1,4-. See 


Methyl-1,4-naphthoquinone 
Neurospora: Ergosterol synthesis, iso- 
topic acetate and isovalerate use, 
Ottke, Tatum, Zabin, and Bloch, 
429 
Niacin: -Tryptophan relation, Xantho- 
monas prunit metabolism, Davis, Hen- 
derson, and Powell, 543 


-Tryptophan-pyridine nucleotide re-— 


lationship, Williams, Feigelson, Sha- 
hinian, and Elvehjem, 659 
Nicotinamide: Diphosphopyridine nu- 


Nicotinamide—continued: 
cleotide-requiring enzymes, effect, 
Feigelson, Williams, and Elvehjem, 


361 
Methylation, liver enzyme system, 
Cantoni, 203 


Nicotinamide mononucleotide: Synthe- 
sis, blood cells, red, in vitro, Leder 


and Handler, 889 
Nitrate: Ions, assimilation, tobacco 
plants, Delwiche, 167 
Nitrogen: Excretion, lizards, Khalil, 
443 
Non-specific, utilization, protein de- 
pletion, Frost and Sandy, 249 
Nucleic acid(s): Cytoplasm, purines 
and pyrimidines, Marshak, 607 


Derivatives, assimilation, yeast, Di 
Carlo, Schultz, and McManus, 151 
Nucleus, purines and pyrimidines, 
Marshak, 
Pyrimidines, C'4-orotic acid incorpora- 
tion, Weed and Wilson, 435 
Related compounds, assimilation, 
yeast, Di Carlo, Schultz, and Mc- 
Manus, 151 
Nucleotide: Diphosphopyridine. See 
Diphosphopyridine nucleotide . 
Pentose. See Pentose nucleotide 
Pyridine. See Pyridine nucleotide 
Triphosphopyridine. See Triphos- 
phopyridine nucleotide 
Nucleus: Nucleic acid, purines and pyri- 
midines, Marshak, 
O 
Ornithine: Proline and glutamic acid 
conversion from, in vivo, mechanism, 
Stetten, 499 
Orotic acid: Carbon 14-labeled, nucleic 


acid pyrimidines, incorporation, 
Weed and Wilson, 435 
Ovalbumin: Biosynthesis, Anfinsen and 
Steinberg, 739 
Oxidase: Ascorbic acid. See Ascorbic 
acid oxidase fe 
Cytochrome. See oxi- 
dase 


P 


Palmitic acid: Stearic acid conversion 
from, tissue, Zabin, 355 
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Pantolactone: Phosphate, microorgan- | Protein(s)—continued: 


ism growth, effect, King, Neal, and 


Strong, 307 
—, synthesis, King, Neal, and Strong, 
307 


Pantothenic acid: Diphosphate, synthe- 
sis and properties, King and Strong, 

315 

Pea(s): Diphosphopyridine nucleotide, 
reduced, oxidation, Mathews, 695 
Penicillin: Biosynthetic, Philip, Saun- 
ders, DeRose, MacCorquodale, Sylves- 

ter, and Weston, 479 
Pentose nucleotide(s) : Purine ncorpora- 
tion in vivo, Marrian, Spicer, Balis, 


and Brown, 533 
Phosphatase: Adenosinepyro-. See Ade- 
nosinepyrophosphatase 


Glycerate-2,3-di-. See Glycerate-2,3- 
diphosphatase 
Phosphate: Blood cell, red, glycolysis, 
relation, Mueller and Hastings, 


881 

Metabolism, diaphragm, Haugaard, 
Marsh, and Stadie, 59 
Phosphatidic acid(s): a-, enantiomeric, 
synthesis, Baer, 235 


Phospholipide(s): Fatty acid transport, 
lymphatic, rdle, Bloom, Chairkoff, 
Reinhardt, and Dauben, 261 

Phosphorus: Blood cell, red, membrane, 
transfer rate, Mueller and Hastings, 


869 
Phytic acid: Bean protein, crystalline, 
combination, Bourdillon, 65 


Pituitary: Anterior, extract, liver me- 
tabolism, relation, Campbell and 
Davidson, 35 

Polypeptide(s): Lysine, tobacco mosaic 
virus, effect, Stahmann, Graf, Patter- 


son, Walker, and Watson, 45 
Proline : Ornithine conversion to, in vivo, 
mechanism, Sletten, 499 


Protein(s): Bean, crystalline, phytic 
acid, combination, Bourdillon, 65 
Depletion, nitrogen, non-specific, uti- 
lization, Frost and Sandy, 249 
Egg white, blood serum, Marshall and 
Deutsch, 1 

— —, egg yolk, Marshall and Deutsch, 

1 


Synthesis, Escherichia coli effect, Mel- 
chior, Klioze, and Klotz, 411 
Purine(s): Biological materials, deter- 
mination, micro-, Marshak and 
Vogel, 597 
Cytoplasm, nucleic acids, Marshak, 


607 

Imidazo-1,2,3-triazines, relationship, 

Woolley and Shaw, 401 
Nucleus, nucleic acids, Marshak, 

607 


Pentose nucleotides, incorporation in 
vivo, Marrian, Spicer, Balis, and 
Brown, 533 

Pyridine nucleotide: -Tryptophan-nia- 
cin relationship, Williams, Feigelson, 


Shahinian, and Elvehjem, 659 
Pyridoxic acid: 4-, urine, determination, 
Sarett, 769 


Pyrimidine(s): Biological materials, de- 
termination, micro-, Marshak and 


Vogel, 597 
Cytoplasm, nucleic acids, Marshak, 

607 

Nucleic acid, C'4-orotic acid incorpo- 

ration, Weed and Wilson, 435 

Nucleus, nucleic acids, Marshak, 

607 

Pyruvate: Formate fixation, Escherichia 

coli, Strecker, 815 


Oxidation factor, carbon dioxide re- 
placement for, Lytle, Zulick, and 
O’ Kane, 551 

R 


Reptile(s): Excretion, Khalzl, 443 

Retina: Carbohydrate metabolism, C1*- 

O» fixation, relation, Crane and Ball, 

269 

Rhodanese: Liver, regenerating, Rosen- 
thal, Rogers, Vars, and Ferguson, 

831 

Rickets: Strontium, radioactive, me- 

tabolism, Jones and Copp, 509 


Saliva: Apoerythein, Beerstecher and Alt- 
gelt, 31 
Stearic acid: Palmitic acid conversion 
to, tissue, Zabin, 355 
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Steroid(s): Hormone esters, blood se- 
rum, enzymatic hydrolysis, Bischoff, 
Yee, Moran, and Katherman, 729 

Stilbestrol: Diethyl-. See Diethylstil- 
bestrol 

Strontium: Bone, deposition, MacDon- 
ald, Ezmirlian, Spain, and McArthur, 


387 
Radioactive, metabolism, _ rickets, 
Jones and Copp, 509 


- Sulfur: Amino acids, acetylation, liver 


and kidney, Gutmann and Wood, 
473 


T 


Testosterone: cis-, metabolism in vivo, 
Ungar, Dorfman, and Prins, 11 
Thiamine: Analogues, Cerecedo, Soodak, 
and Eusebi, 293 

—, studies in vivo, Cerecedo, Soodak, 
and Eusebi, 293 
Thiouracil: Cartilage, S** deposition, 
Dziewtatkowski, 717 


Thyroxine: Cartilage, S* deposition, 


Dziewiatkowsk, 717 
Tobacco: Mosaic virus, lysine polypep- 
tides, effect, Stahmann, Graf, Patter- 
son, Walker, and Watson, 45 
-- —, tobacco plant, multiplication, 
Meneghini and Delwiche, 177 
Plant, ammonium and nitrate ions, 
assimilation, Delwiche, 167 
Torulopsis utilis: Acetic acid and amino 
acids, metabolic relation, EKhrens- 
vird, Reio, Saluste, and Stjernholm, 
93 
metabolism, Ehrensvdrd, Reio, 
Saluste, and Stjernholm, 93 
Transmethylation: Methionine, Cantoni, 
745 
Triazine(s): Imidazo-1,2,3-. See Imi- 
dazo-1,2,3-triazines 
Triglyceride(s): Absorption, intestine, 
Reiser and Bryson, 87 
Triphosphopyridine nucleotide: Isocitric 
dehydrogenase, yeast, Aornberg and 
Pricer, 123 
Trypsin: Chymo-. See Chymotrypsin 
Tryptophan: Metabolism, vitamin B de- 


ficiency, effect, Henderson, Wein- | 


stock, and Ramasarma, 


19 | 
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Tryptophan—continued: 

Niacin-, relation, Xanthomonas pruni 
metabolism, Davis, Henderson, and 
Powell, 543 

-Niacin-pyridine nucleotide relation- 
ship, Williams, Feigelson, Shahinian, 
and Elvehjem, 659 


U 


Uracil: Thio-. See Thiouracil 
Urine: Diethylstilbestrol and glucuron- 


ide, determination, Teague and 

Brown, 343 

4-Pyridoxiec acid, determination, Sa- 

rett, 769 
V 


Valerate: Iso-. See Isovalerate 

n-, C4, C}3-labeled, liver glycogen con- 

version from, Siegel and Lorber, 
571 
Valine: Metabolism, Escherichia coli, 
Umbarger and Mueller, 277 
Umbarger and Magasanik, 287 
Virus: Propagation, Krebs cycle, rela- 
tion, Ackermann, 421 
Tobacco mosaic, lysine polypeptides, 
effect, Stahmann, Graf, Patterson, 
Walker, and Watson, 45 
-—- —, tobacco plant, multiplication, 
Meneghini and Delwiche, 177 
Vitamin(s): B deficiency, tryptophan 
metabolism, effect, Henderson, Wein- 
stock, and Ramasarma, 19 


xX 


Xanthomonas pruni: Metabolism, nia- 
cin-tryptophan relation, Davis, Hen- 


derson, and Powell, 43 
Y 
Yeast: Diphosphopyridine nucleotide 


isocitric dehydrogenase, Aornberg 

and Pricer, 123 
Nucleic acid derivatives and related 

compounds, assimilation, Di Carlo, 

Schultz, and McManus, 151 
Triphosphopyridine nucleotide iso- 

citric dehydrogenase, Aornberg and 

Pricer, 123 
See also Torulopsis 
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